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In ground effect, the prediction methodology proceedas logically from the
defined aircraft lift-jet exits through the free-jets, jet impingement points,
wall-jets, fountain bases (stagnation lines), and fountain impact on the air-
frame undersurface, The induced suckdown flows are computed from the potential
flowfield induced by the turbulent entrainment of both the free-jeta and the
wall-jets in ground effect and from the free-jets alome out of ground effect,
The jet and ground flowfield methodology defines necessary fluld flow propertied
In the free-jets and wall-jets, the jet impingement reglons and fountain base
regions, and the fountain upwash for certaln classes of multi-jet fountains.
The entire methodology is dependent on alrcratt and (lowfield geometry, and an
etfort has been made to clarify and simplify geometric requlrements,

The methodology emphasizes accurate analytical and empirical modeling of
free and wall-jet flows (especially turbulent entrainment)} ground wall-jet
interactions including the computation of multi-jet stagnation lines and foun=-
tain base flow direction; and fountain development and impingement on the air
frame under-surface, An analogy between certain classes of multi-jet fountains
and self-impinging pairs of circular jets has been uaed to desecribs fountain
geometry, and to define experimental test configurations which were emp loyed to
empirically investigate fountain development and impingement on the airframe
under-gurface, Techniques for predicting fountain induced forces on the air-
frame have been developed, An investigation of the effects of protuberances
was included in the experimental effort, and techniques for predicting the

incremental forces due to tha interaction of fountain flows with protuberances
were daveloped.

The induced potential flow field due to turbulent Jet entrainment is
computed through use of the Douglas Neumann potential flow program, The program
has been modified for direct application to the VTOL flowfield computation
probéem. A User Manual for the modified Douglas Neumann program has been pre-
pared,

The developed methodnlogy represents a state-of-the-art approach for
the engineering prediction of ground flowficlds, induced suckdown, and
fountain formation and development for multi-jet VTOL aircraft.
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PREFACE

An analytical program has been conducted for the Naval Alr Development
Center (NADC) by the McDonnell Alrceraft Company (MCAIR) to develop a
methodology for the prediction of propulsion Lnduced aerodynamic cffects for
multi-LIit-Jet VIOL alrcralt operating In the hover mode in and out of
ground effect, The methodology emphasizes accurate analytical and empirical
modeling of free and wall~jet entrainment, ground wall-jet interaction and |
subsequent formation of fountains, and fountain lmplngement on the undersur-
face of the fuselage/wing. Induced flows about the wing/body are computed
through the use of the Douglas Neumann potential flow computetr program which
has been modified for application to the VTOL problem,

These analytical techniques and empirical correlations have bean incor-
porated into the resulting methodology for force and moment prediction,

The basic unalytlical work described in this report was funded under
contract #N62269~7K=C~0086 to MCATR, Most of the experimental data presented
in this report conceralng the formation and development of fountains, and the
data pertinent to the description of the interaction of the fountain with the
fuselage/wing and the effect of protuberances were obtained as part of a MCAIR
Independent Research and Devnlopment Program during the calendar year 1976.

The program manager of this study was Dr. Donald R, Kotansky and the
Principal Investigator was Norbert A. Durando, both of the MCAIR Aerodynamics
Depurtment. The techniral effort asscciated with the Douglas Neumann potential
flow computations was performed by Deaw R. Bristow and Philip W. Saunders
of MCAIR Acrodynamics., The Naval Air Development Center Project Mngineer was
John D. Cyrus.

The authors wish to express thelr appreclacion for the guldance and
technical support provided by Chester W, Miller, Chief Technology Lugineer -
Acrodynamics and Robert B, Jenny, Branch Chief Technology - Aerodynamics,
MCAIR.
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c Rectangular nozzle exlt dimensjon, plate dimension
Dje Nnzzle exit diameter
d Pipe diameter used for fountain simulation
() Jet entralument rate §
F Force, normal force
£(o) Momentum distribution about jet impingement region 'é
£'(¢) = YAf(¢) Corvected momentum distrilbution sbout jet impingement reglon
H Nozzle exit helght abuve ground
L Nozzle centerline spacing %
£1,12,23 Direction cosines %
M Integer index for ungular measurement i
H Momen tum
Mj Jet momentum
Mje Jet momentum at nozzle exit 1
m Mass flow i
MJT Total jet mams flow ?
mje Jet mass flow at nozzle exit
madd Entrained jet mass flow = ﬁHT - mje
My My My Direction cosines é
N Normal distance above ground plane, number of panals in !

Douglas Neumann potential flow program 4
N2 Normal dimtance to stagnation line iu ground plane
N Normal distauce to Umﬂx/z é
NPR Nozzle presaure ratio
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LIST OF NOMENCLATURE (Continued)

Direction cosines

ELOTLE
P Presgure
R Radius measured from real or appuarent jet impingement
stagnation point, radius from fountain virtual origin
i RI Ground radlus ut edge of impingement region
é ARI Radial correction to apparent jet impingement stagnation
- point
; ‘ Red Jet exit Reynolds number
{ r Radius measured along upp. surface or wall
1 Ty Jet radius
; r Radius of free jet from jet centerline to location of 1/2
; 3 v/2 jet centerline velocity
i
§ rj v/21 Radius to 1/2 jet centerline veloclty at impingement point
§ 8 Distance between impinged jets, nozzle centerline spacing
f To /T, Nozzle temperature ratio
g~ U e Wall-jet velocity
é Vo Frecstream velocity
i Y Jet exlt velocity, jet velocity, fountain velocity
é X, ¥, Z Carteslian coordinates
; X900 Y0 2y Input data coordinates for Douglas Neumann program
? Ax, Ay, Az Coordinate translationec, displacements
% Z Jet centerline coordinate
R Conical fountain semi-apex angle
i ajI Jet impingement angle measured with respect to ground surface
é. » Y Wing leading edge sweep angle, direction it ground plane of
: projection of negative of jet main velocity vector at impinge-
i % ment point
E YA Momentum correction
% 6f Flap deflection angle
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Subscripts
1, 2, 3, 4

A

at

LIST OF NOMENCLATURE (Centinued)
Normalized coordinate in jet deflection plane (Fig., 1I=1)
Buler angle

Stagnation line slaope, fountain or jet azimuthal angle
measured from vertlcal about virtual origin

Fountain velocity or momentum directional angle
Normalized coordinate in jet deflection plana (Fig., II-l)
Density

Jet deflection angel at nozzle exit measured with respect
to freestream direction

Source strength denaity

Euler angle

Azimuthal angle meaauged around periphery of jet impingement
reglon, Fc= o,y # 907, ¢ = 0 in direction of horizontal

component of jét mean flow

Computational paelar angle for stagnation line computation
between a palr of wall=jets

Fuler angle, radial momentum parametcer used in
Reference 2

Associated with lift-jet 1, 2, 3 or 4
Aft, Area

Centerline, crosn=flow

Jet exlt station, equivalent

Forward, fountain

Tmpingement region

Jet

Maximum value, mean value

Normal to surface, normal

Total (fluid properties), conical geometry
Reference, rectangular, radial
Suckdown

Stores




T, t, TOT

v/2, 1/2, 5

Xy ¥

z

LIST OF NOMENCLATURE (Concluded)
Total, tangentlial

Half-velocity point

Carteslan coordinate direction

Infinity, ambient
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1. INTRODUCTTION

The design of VIOL aireraft equipped with powered lift-jet systems re-
quires o knowludge of the complleated flowfleld produced by such devices
over a wlde range of afreratt operatlng conditions, 0Of particular importance

are the flowlleld Intercetlons resuiting from the operation of these types of

alrveralt In the hover mode out of ground effect and In proximlty to the ground

where gtrong Interactions fregquently occur between the T HPt=jet streams, the
alrframe surfaces, and the ground,  These Interactlons usually result in the
introduction of forces on tha airframe which can be positlve (providing addi-
tlonal 11ft) or negative. Thus, a propulsion system designed without taking

into aceount the induced forces may not provide sufficlent thrust for an ade-

quately controlled tikeoff without a reduction in desired payload. In additlon

to these Induced net loads, sltuations are encountered where unfavorable momentsy

are produced on the airframe resulting in signiflcant stability and control
problems,

The Induced Torces (and moments) {n and out of pround effect usunlly
result from one of two reasonubly well deflned viscous flow phenomenat  Jot
entrainment and the formatlon of jet flow fountains. Jet entrainment causcs
othorwide atatle alr to be set into motion, resulting in locally reduced
statie prosdures on nearby alrframe under=surfaces thus introducing negative
aerodvnamlic loads,  The Jet entralnment cffect occurs hoth In and out of ro=-

gfong Influenced by the presence of the ground but is frequently accentuatod

ag the dlgtanee between the Jot source (nozzle exit) and the ground is reduced,

tarpely  hecause of the proximity of the additional entrainment resultlng from

the pround walle=jaty,
Although the Jet entrainment effect vecurs hoth in and out of ground

effect, the Tlormation of jet=flow fountains requires an lmplogement sure

face and, therefore, la pecullar to operation close to the ground, The forma-

tion of fountains {8 also conflguration=dependent In that multiple jets are
roqulred and the jet {mplagement points, relatlve stronpths of the Jets, and
Jet Inplingement angles are strongly influential factors, The upward convees=
tion of jet flow {n the Fountalns udunlly resules In a positive avrodvioomic
1ift, caused by the positive pressurization of alrframe under-surfaces con-

talning and deflect ing the fountaln flowe  Beecavse of the upward convect lon

ol the Tft=Jet flow In the fountalng, a depradatfon of propulslon savstem per-

formance Frequently regults through exlaugstepag Tngeatfone Lo this redpoet,

Fountalng can be detrimental to VIOL alreralt perlormance (noprovnd proximity,
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Generally, the aerodynamies of VIOL aircraft are influenced by a number of
geometric parameters and by the viscous (turbulent) nature of the local flow-
field, Significant VTOL hover flowfield interactionas and their resulting
effects on aerodynamlc performance in ground uffect are summarlzed in Flgure
1, The comprehenslve theoretical prediction of these flowfields and resulting
aerodynamle forces for arbitrary alrcraft configurations is undoubtedly many
years off, and 1t may never be economically feasible to rely solely on
theoretical predictions, However, Lt {8 possible with present knowledge to
synthesize ugeful solutions with empirical information for well-deflned
flowflelds about airframe components of significant current interest, It s
to this objective that the work described herein was directed: the prediction
of 1ift jet (primary) and induced flowfields, including induced forces and
moments about arbitrary aerodynamic shapes in and out of ground proximity for
a well defined set of flow conditiona, This study was accomplished through the
synthesls of new and existing analytical techniques and empirical correlations
in use at the MeDonnell Alrcraft Company (MCAIR) and the McDonnell Douglas

Research Laboratories (MDRL),

Prohlems Cuures
V' @ Lift Loss (Suck-Down) —= Turbulent Jat Entrainment
v/ & Litt and Mamant Sensitivity ———e= Deflection of Jets and
to Pitch and Roll Fountains by Impingament
v ® Lift and Moment Sansitivity == Dafloction of Juts and Fountaing
to Gross Wincls by Cross-Winds and Crots-Wind

Inducud Aerodynamic Loads

® Englne Thrust L.oss From — ———= Fountain, Cross-Wind and
Exhaust Gas Ingestion Buoyant Convection of Mot
Exhaust Gas

\/ Problums addressed in this study,
apy? 0ard 27

FIGURE 1
VTOL FLOW FIELD INTERACTIONS IN GROUND EFFECT

The combined methodology was developed by provecding logleally from the
Ilft=let exlts through the viscous flowfleld lncluding the free-jets, wall-
jotd, wall=jet stagnation lines, fountain formation, and fountain faplngement
on the aieframe I[n pround effect. In and out of ground effect, jet entraln-
mont {nduced flowFilelds »re obtained [rom computaticns of induced potential
flows about the alrframe as outablished by emplrical free and wall-fet entraln-

mont characterdstles where appropriate,  Although the videcous flows do influence
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the induced potential flow through specification of jet surface entralnment
velocities, the induced potential flow effect on the complete flowfield is not ¥
1terated or altered to compute additional interactive flowfield effects, The -
basle separation of suckdown und fountaln forces shown in Figure 2 is inherent

in the formulation of the resulting methodology.

S Suckdown Fountain Suckdown
b ——— ;
B VR 4
N !f \\ - A
§’ ' ———— - A AN i ; /\ ‘M
-~ - s s N . ~ i~

L
:
.
f Suckdewn Forces Calculated
L ot from Flowfield Induced by
: e — < Sink Distributions Siraulating
P ) Jat Entrainment
2 ' 1T | -~
- A2 A iy Wall Jet
v Free Jets
: Fountain Forces |solated :
b bry Raplacing Fountain with :
r a Jot Striking Alrcraft i
P Undersurface 1
! |
§
!ﬁ ar1neane :
y FIGURE 2 {
% SEPARATION OF FORCES ACTING ON VTOL AIRCRAFT HOVERING
3 IN GROUND EFFECT :
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2. FREE=JEL AND WALL=JET FLOWFTHLDS :
AND JIT ENTRATNMENT CHARACTERISTICS

The mnalyeical and emplrical modeling of the vigcous (turbulent) lows

4

Inelad ng the froe=Jjets, jet lapingement replons and wall=)ets s doseribed

in the followlng subscecetions,  This doseription of the (luid mechanies of
these flow phenomena provides o means for the prediction of the propertiocs

ol these flows dneluding flow geomety o, velocity distribution, momentam floax
dlstrlbution and mass averaged tomperature, 'Total pressures, 1f required,

are obtained from knowledpge of the velocity distributions iu the constant
provsure (ambifent) free=jot and wall=jot reglons. The resulting prediction
methodology incorporates u number of theoretlenl, empitical and semi~empirical
deseriptions of the Individual flow reglons involved. The cemphasis technic-

ally, however, I8 on the uge of hilgh quality empleical data which have been 1

Incorporated tnto the prediction methodology wherever possible in preference

to putely theoretleal predictlions, |

2ol Free-der [flows
[t 14 expectad that for VIOL alrcraft In hover, the 1ift=lets will retain

froe=tot characteristics, i.e., they will be to flrat order unaffected hy pres-

sure gradients, for some fraction of the distance between the nozzle exit and

the ground plane., Experlence based on wind tunnel tests and practical consldera-

tlons have indleated that the dlstances between nozzle exlt and pround plance K

(H/n

}u) ta be conslderad, lie in the range

0.5 < ”/”_)e. <15
Condequent ly, interest In the propertles ol free turbulent jots I8 focused on
the aame range of nozzle diameters downatream of the exic,

The veloctlty discontinulty at the exit of a Jet nozele {4 smoothed out
by vigcous el fects within a thin ahear layer,  The shear layer {8 highly un=
stable and dovelops from the nozzle 1ip as a free turbulent flow, For some
distance downstream of the nozzle exit plane, the Jet retalns a potential corce

flow surrounded by a sheath of hilpghly turbulent flufd, where mixing botween the

Jet and surrounding fluld takes place, This core low reoglon ls uventually
"conaumud' by the apreading turbulent wlxiug, and the jet eventually becomes

Fully turbulent, The mass Flow in the turbutent ropgion (ncreases along the
let, and Mlow continuity requlres that this excess mass {lux be supplicd rom

the surrcunding medium, The rate at which the jet entralng external alr

Is Found to be different in the core flow (or potentlal core) reglon from



that in the fully turbulent region., In the former, entrainment I8 duc to a
shear layer which separates two regions of approximately constant vaeloclhly,
n the latter, as the turbulent reglon spreads, the et centerline veloelty
decayss The dlstonce from the nozzle ot which the flow becomes fully tur-
bulent {s thorefore av fmportant parascter In the ealculation of alrfrane
suckdown forcees due to tfree=jet entrafnment,

The axtal dovelopment of {reo tarbulent Yelts, and congequent by thelr en~

i tralnment distribution, genernlly depends on the tollowing parametors:
? o Jet exlt Reynolds number = Rm]
3 0o Nozzlo pressurce ratlo - NPR = PUJU/Pw
1 | o Nozzle temperature ratlo = TOJ/Tm
: o Nozzle shape 5
g 0 Exit velocity profile %
; 0o  Exit turbulence {ntenstity ;
S 2,101 Reyopolds Namber Effects ~ For the relevant Reynolds aumber range, ?
3 ’ turbulent tranaport domlnates Lhe flow,  The shear layer and jot develop as
? free turbulent flows unconstralned by rigid boundarles, and consequently
§ Revnolds number uffects are neglinible (Reforence 1),
5 2.142 Nozzle Pressure Ratla « The nozazle pressurce ratios considerod ;
é range from subgonic (NPR = 1,05) tomildly underexpunded (NPR = 2,2), Those :
E are ropresentative of curvent Jft=fan or 1lift=jet propulsion systems. At b
b the erivleal pregsure ratlo 1,89, the nozzle chokes, and since only convergent )
: nozzles are considered, larger values of NPR will produce underexpanded jots, f
{ For gsubsonic Jats, the effects of NPR (and temperature ratio) wlll be rvelloc-
: ted In a jJet density which {s different from ambient, The effect of jot
i to amblent denslty ratio upon entrainment characteristics Is taken luto
. account by currently avallable entralument data,  For underexpanded jets, the
3 exlt pregsure {8 relleved by a supersonlce esxpansion, Overexpansion results, §
% and the flow 1d recompressed by o derles of shock wavew., Reforence (2) fdon-
§ tifies the following flow patterns and assoclated pressure ratlos:
g ‘ e 1,05 2 NPR 2 1,89 = no shocks, exit predssure approximately oqual to
é : amblent
§ be 1489 = NPR « 2,08 = woeak expansion waves and normal shocksa penerated ;
; ‘ in et
5 : te 2,08 < NPR < 3,79 = "diamond" shock pattern
do 3479 0 NDPR = stronpg shocks develop at center Line,
| The nozzle pressure ratios constdered in this study Include the Flrst three :_
/ pousthilitles,  Cases (b)) and () are complicated by the fact that the
; 6 |
' )
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core flew jot boundary is distorted by the expansion and recompresslon process,
The turbulent shenr laver thus developa along a distorted boundary, with a none
uniform velocity {n the core Flow region, 1In addition, ahock waves penetrate the
shoar layer and may be expected to affect ity duevelopment, Thus, although
turbulent dlssipation will dominate and the Jut witi eventually be cquivalent

Lo a subsonte fet, the flow in the nelghborhood of the nozzale ls oxtremely
complicated.  Typleal normad leed jot veloclty profiles and axia) decay and
sproading charactoeristios are slven for jots wlthin NPR ranpes (), (¢) and

(d) above in Reference (2)+  Characteristics of Jets In the NPR range (h)

are taken to be represented ndequately by those of NPR range (a),

Axisymmetric wubsonic Jets with uniform oxit veloelty profile have been
&tudicd extensdlvely, Threc main flow Tegions have beey ldentified and arc
Indlcated in "fgure 3, Tor some distance downstream of the nozzle, the jet
Fetains a reglon of core flow, After the jet becomes fully turbulent, the maxj-
mum velocity nlong the Jet axis beglns to decay,  For values of ?'/Dje In ex-
cors of 12, the maximum velocity in the jot decays inversely with axinl dige
tance, and the turbulent region grows Hinearly, The core low repdon of the
Jut persiuts to values ov Z/D1e of approximately 7 at which point the nxlal

veloclty profilen become self aimilar.

L—L
/ i — -
. 1 »>2

o,,ka, - —~ . '

T — -
— Vch-

Core Flow s b Trangition —sfee—— Established (or Fully Daveiopad) Flow —e——
2Dy = 7 Z/Dy, = 12 anr? 0are-3n

FIGURE 3
STRUCTURE OF THE AXISYMMETRIC JET

Frov=tet development ean bo adequately deaeribed by the behavior ot

characterisgtic Jot velocities and tengtha and the so! Fenimiiny propert{os of
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fully developed Jats of NPR rungoe (n) of Reference 2., PFlpgure 4 presents 1,0n=

dimensionnl vedoclty profiles for axlaymmetric free=jets as a function of ’1,,"1'/'1'0,
For '/./l)‘e > 7, the velocity profiles are self=simllar, and the shpae no longer

. e Plpure 5 presents the behavior of the Jet characterist{e

The veloelty profiles and

virtoes with
tenpths and velocitios with axial distance Z/D‘v.
phvsteal geometry of the freo=Yer can be obtalned from these two {ipgures up

to the bepinning of the jot dmplapement repdon fn the flowt feld between Uhe

aleframe under=surface and the ground planc.
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FIGURE 4
NON-DIMENSIONAL FREE-JET VELOCITY PROFILES
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AXIAL VELOCITY DECAY AND SPREADING CHARACTERISTICS FOR FREE-JET

The entraloment rate

10 m d(m ) (1)

_1.1,/1'“.‘0)/(-1 @y,
dederihes the omount of additional amblent luld that e pulled into the
Jet by turbulent mixing as the Yet developes aloug Tew uxte, Flgure 6 1a
i summary ol deveral measured and estimated Lurbulent jet mass low disbri-

but lans, where
L] L] L]

m “w om,,, = N
add A A

atud m‘dd denotea the entralned mass 1 low,
L}

[N

Most authors considor the data of Rlcou and sSpalding (Curve U) to represent
the most accourate meadurement ol mass entratnment In the fully developed, replon,
HE L s data (Curve A aproes well with Curve © tn the reglon of fully developed
flow, and also Includes moasarenonts In o the core [low vepdon, The change {n
entralnment rate botween the core flow and the Fuliy developed flow roglon s
avident (n the data,  Curve A shows that the Inlylal ontratament rate Is nol cons
ntant,  On the ather hand, Kiels awd Posa' data (Corve B ghow a constant Inttlal
entrainment rate, with a break in Alope ol (Z/H\“) = 5,7, Curve B oIs e pood
aprecment with the Ricou and Spalding data o thoe tally develdoped flow repglon,

Curve Ioghows o osmal Tor slope chanpge botween the core and the Tully developed
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FIGURE 8 r
ENTRAINED MASS FLOW DISTRIBUTION FOR CIRCULAR JETS 3
Mlow reglons,  Tn the fully developed flow reglon, the slope for Curve ¥ 1y wube- ?
3
atantially lower than that measured by other {uvestlpators, Most of the curves ¥
th Flgure 6 change slope (n the ranpa
q
5« (W/0, ) = 6,
Je
In the analysls by Wygnanskl (Refurunce 6), (Z/D’e) = 6 s taken to be the é
haplnndng of the rfully developed flow region,  The Lranslt Lon zone Lu neglected, :
and a core flow entrafnment rate I veed up Lo (Z/D‘“) w O, with o fully doy= 3
) vloped entratnmont rate for (Z/U'U) b, wyunnnukt‘ﬂ entralned mass dlstrie

button {s indiented hy Curve D fn Flgure 6, s dntelal ontratinment rato

Ls reasonahly accuratoy the termination of the fnfttal regton ot Z/D‘U w

fodn pood agreement with Curve By However, the entratnment rato In the fully

doveloped reglon s axcesnlve,
ln the present wtudy, the data of Klets and Fous (curve B) have heen wos-

lected to establish the entraloment rate Vor subsondc clreular Jets, with the

following rosults:
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d fmom ) Gy de l
JT o ~l“ ! - e 0 < 2/D, < B (2
d(Z/D @ 0.21 for 0 < 2/ o = ) )
and
l (n Hl (p /‘kn)] /2 ‘ | ()
- —— [P y ) Al D !
«I(/./l)‘_ 0,132 for 6 4/ Jo

Jolod Nozzle Temperature Ratio = The effeets of nozzle temperature

ratlo are taken Into account in determining jet exit veloclty, Vje’ und jet
oxlt denslvy, p, y which 1in turn affects the free=jet entralument roate as
shown in Figure 6. Buoyancy effects in the free=jets and wall=)ets arce not
vonsldered Ln the resultlng methodology.

2,1.4 Nozzle Shape - Reference 5 contuins data on thoe characterdstics of
subsontie lots exhnusting from rectanpular nozzles, Flgure 7 defines the
nodzie geometry and general structure of the flow., Tnree different regions
are tdentified according to the rate of decay of the maximum jet velocity.

see losery In Flgure 7). In the core flow reglon, the maximum velocity id
equal to the jet exit veloclty, In the characterilstic decay reglon, the

Flow 48 fully turbulent, but the decay rate of the maximum veloclty with axial
distance depends on the nozzle aspect ratlo AR1Q. In the axlsymmetric decay
roglon, the maximum veloelty decays as % (1/2), as in an axlsymmetric jot. The
vulocity profile, however, is not axisymmetric, Finally, the profile doen
bevome axlsymmetric fn what has been labeled the fully axisvmmetric flow
repglon,  AlL memory of the nozgzle shape has then been lost, and the joet struc=
ture {8 analogous to that of a tully developed axisymmetric jet,

In 11ft Jet VIOL alrcraft, approximately rectangular Jetr arce genorated
primirily by proups of lift-jet englnes peometrically clustered together, Thus,
a maximum of ARJ = 4 {s vonsldered,  For conventence in relating alreraft
and ot peometrles, the nozzle aspect ratio te defined to be preater than one
when the long nozzle dimenslon 1s perpendicular to the alreraft plane of sym-
metry, and leds than one when it 1s parallel to the plane of Hymmetry,  Thus,
the minbmum aspect ratio to be considervd is approximatoly AR1 = (0,20,

Rueforonce 5 defines the end of the vrore [low reglon and ihv bayg, L=
ning of the axlsymmetric decay veglon as a Tunctlon of nossle ampect rat o,
Data for the end of the core flow  reglon have been replotted from Refopr-
ence 5 odn Flgure 8y Inoa slightly different forme  Flpure 8 also toeludes data

from Nederence 7, which were presentod (n Reforence 5, for a Hyuate nozzle
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(ARju = 1), the core flow reglon has been shown to terminate at ZPC/“ = 6,2,
For a circular jet, the indicated value of 6,8 is somowhat higher than the
value of 6 reported by other authors, Although there is conslderable data
scatter, an Increase In core {low length with noazle aspect ratio {8 in-

dicated, peaking at AR, = 3,4 and subscquently decreasing towards 6, the

jo
vithue used n Referonce 6 for two=dimensional jets,  Flpure 9 repeats
the average empirical curve for (V.],(‘/v_) shiown In Flgure 8, and indlcates the
dependence of the onset of axtsymmetric decay on nozzle aspect rat lo,

100
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=]
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80}
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Distance to End of Inviscid Core (zpg/c}
and to Beginning of Axisymmetric Decay (z AD fc)
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8 2pg/C) Ref. 10 Ref. 12
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FIGURE 9
END OF INVISCID CORE AND START OF AXISYMMETRIC DECAY REGION

The boundaries of the various Jet reglons depicted above are used to
ngtablish reglons for the free-jet entralnment rates, Reference 5 indleates
that the entrainment rate for an AR,G = {0 jet initially 18 bipher than that
for a clreular jet, but at the OHHEL of axisymmetric decay, the entraivent
rates are the same,

For rectangular esit area jets, two entrailnment ratew are used.  One is
valld in the core [Tow region, and one Is valld Lo the fully developed

turbulent region, In the core flow region, lt is assumed that

T
B = 3m ¥ (4)
Je




Ll
b
o
¢
[t
P
gﬁ whete ER = entrainment rate for rectangular nozzle
%f PR - perimater of raectangular nozzla
E = entralnment rate for circular Jot
For the fully developed turbulent zone, the results of Refercnce % will be :
used, Reference 5 shows the mass low distribution for a clrcular jet, and ;
for an aspect ratlo 10 rectangular jet, These data are plotted In
Reterence 5 In lnches downstream of the nozzle exit, Flgure 10 shows the
same data plotted In terms of axlal distance normullzed by o diameter
be
— 4
df s 2 V p . (5)
.l
’ Satisfactory correlation is obtained, indicating that for the fully developed h
, turbulent region, an entralnment equal to that for a circular jet whose dia- %
. k
meter is given by Equation (5) can be used. ]
: !
i :a
8 | T
Q ARy, 1.27 (Circle) ]
< 0 Al =10 )
i3 o
ARe= b/c e ]
- E
dg= 2 /% 2 g
m 9
°; olo i
L U W 4
14
g o)
7
£
L A ]
[ ol
0 4 8 12 16 20

Normalized Axiel Distance (2/dg)
aP77 0374 N

FIGURE 10
MASS FLOW DISTRIBUTION FOR CIRCULAR AND RECTANGULAR JETS

In order to fully speclfy the entralument distribution for a rucetanpular
Jut, the tenpth of the core Flow reglon must be defined. This can be aceompl Ished
hy the average curve in Plgurce 8 which 18 based on the data of Reforence 5.
f This curve shows the Tength of the core flow reglon (ormatlizod hy the nozzle

chord ¢) as a Function of nozzle aspect ratio, for the range of interost

14




2.1.5 Txit Velocity Profile - Circular jets with non-uniform exit con-

ditions are analyzed by defining equivalent uniform jets. The annlogy has
been described in References 8 and 9, lLet

r

. 3
e = 21|I pJVJ r dr (&)
Q)
and
r
e (P ov2ed 7
M, = r dr
Y "f PyVy (
o
where ij and Mj denote the actual jet mass and momentum fluxes, reuspectively,

For the non-uniform jet a reference velocity 1is chosen, denoted by VR and
shown {in Figure 11, This should be the maximum in the profile, which in most
cases will also be the centerline velocity, An equivalent jet of radius L
located at a distance Aze from the origin on Flgure 11, 18 defined., The
equivalent radius and location are chosen such that, fov a uniform velocity

distribution VR’ the equivalent and actual jets will have the same mass and

momentum fluxes,

! ¥
LA
A/ 777777777777/ ,
te [ '
- — | Vm z
L T
/e 7 4
FIGURE 11 o

DEFINITION OF EQUIVALENT UNIFORM JET

Thus ¢

m.!T = A f (DV)AZ“ r dr (8)
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and

1 ] ) . ] 2 :
M_] 24 J (pV )/\'/.“ rodr, (9)
0

Since momentum {8 conderved in a Jot, Equation (9) may be written as

J
2 o2
21rj njvj r dr nro "_1VR .

L

)

A momentum distortlon voefficlent is defined

M
R I ¢10)

which, wben substituted in the above equation, yilelds

r, = r,‘[;: , (11)

A mass dlstortlon coefficient lda defined as:

L
ny .

HUJ VR rJ

] (12)

and Bquation (8) may then he wrirten as:

oW

e J (V)Aze r dr. (113)
0 ’

In References 8 and 9, the velocelty proflle dn the core flow reglon of a

uniform jet le described by an equation introduced by Warren in Referonce 10,

:/l_ e I R (14)
R
whetru
rc = {nner radlus of the shear layer
(for v v V/VR = )

L
rv/2 radfus at which V/VH =

7

Usilng Equations (1) and (14) [n (173), the cqulvatent fet veloelty profilo
miy be Integrited to yleld

16
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1 1 2 v'2 e
i n, 2 fo Tt In 2 ) (13)
: - © 2= Ar

PSS -~ T -

This constitutes an {mplicit cquarfon for A?.Q, provided that the depen-

donee of Yy /o and rooon o2 ois knowne  In Relerence 10, Warren has obtained the
o

<

relattonship between rorgr T and 2 from o solution of the Jel momentum equa-
o

tion and an emplirical value of the oddy viscosity coefficient.  The solurlon

londs to o complicated, non~lincar relatlonship between ropar Yo aund Aze. ¥

In Refeorence 8, Witze has represented this relationshilp by a polynomial, which 5

3

allows direct calceulatdion of sz. Witze's oquation fu .

2 |

) nJ n] i
' A omr = 4,057 (*-*) + 24,68 (m*-)-- 20,62 1, (16) j
o al . n. ;

2 2 . {

Lo mummary, s clrcular jet with non-uniform exit volocity has beon re-
placed by an equivalent uniform velocity jet whose exit radius 18 related to
that of the real jet by Equatlon (11), and whose exit 1s dilaplaced from the
real fet exlt by an amount given by lquatlon (16). The core flow lenpth
and entralnment distributions dilscussed in Section 2.1.2 may then he used for
thia equivalent uniform jets If the exit veloclty distribullon Ls known 1In

detafl, the distortion coefficlents n, and n, nay be caleulated directly. If

the exit veloedty dlstribution {s unk;uwnb Reference 8 vontalns calculations
ot n attel n, for the thin boundary Layar cude and for fully developed plipe
flow.,  Those values may be used to estimate the of feects of jet exit proflie
diitortlon,

2,1.6 Exit Turbulence Intensity - The experiments of Reforence 4 in-

cluded the variation of turbulence intensity at the exlt of a subasonic cir=-

I
cular nozeale,  The rms value of the axinl volocliy {lucruntion at the exit |
wits varled From 1.2 to 1,67 of rhe exit veloefty, with no measureble eof fert g
on Joet mass Flow distributlon or on the termination of the core Tlow reglon, f
The dota does ghow o gmal ] Enf Lucace of turbulence Intonsily on the rate of

antal veloelty decay,

|
K Dol The Jdel dmplopement Roglon i
The aceuracy of deseriptlon and modeling of the complex fluld Slow inter- i
actlons withio the Inner reglon bas been preatly enhanced by the eoxtenslve }
| sticly of frow jot Impilngement by Donaldson and Snedeker, Reteronce 2, The 3
exporimental measuroments reported tn Reference 2 allow an emplirteal dofinl- }

. tlon ot the velocity, momentum, aund mags cntralnment disteibutions for the

i turhatoent wall=Jets Ineluding the vory sipnifleant ef feet of obl{gque jot

17
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impingement, Many of the a priori assumptions in the jet Lmpingement roglon
usad in Reference L1 may be relaxed by making direct use of the Donaldeon

and Hnedeker datus As will be shown In the paragraphs fo!lowlng, these data
wiil bo used directly to estabTlsh momentum distributlions and stagnatlon 1lne
and Fountailn locatton in the ground surfoce wall=jet flowfield. The pletorial
peometry and assoclitod nomenclatuore for an oblfgue et lmpinpement. are shown
tn Flgoure 12, The view shown In Flpure 12 fs dn the plane (9 = 0) ot the free-

Jor mear veloeity and womentum veetors, ¢ s the azimathal anple about the

Jet dmpingement stagnotlon polnt In the ground plune,

2z
i
Vie
Hvl2
Vie/2
21 Vic |e \\
\ \
\ \
—— \ N
\ miax
- — -N — Urmani2 \\ r‘v,zT\ / - im:.‘-n—)- —— -~
N N ‘
3 -+ 1mo° r G" o . ) [N p- o0
] 1
Umex (q§-180°)—/ i Umax (@ =0
ap
R

nprudza an

FIGURE 12
DEFINITION OF NOMENCLATURE FOR FREE-JET AND JET IMPINGEMENT REGION

242,1 Jet lmpingement Anple ~ The et fmpingement unple, (1‘1. {a dofined

as the angle between the ground gurface and the Jot=contoerline oxtenduwd down=
wanh to the ground plane surfacs,  Por normal (perpendleutar) fmpiopement on

the groand plane, n“ = 90°,  (n the general hover flowefleld, uH T o function

18




of many variables including aircraft roll and pitch angle, nozule vector and
splay angle, and the deflection of the lift jet centerline by cross-winds,
Jet path deflections due to cross-winds nre described by a relationship pre-
gented in Refercnce 12

- 1,

vl ]2

m

3 A .
TV* r (ot ootanoo (17)

Je
where 4 and ¢ are digtances (sece Flgure L1-1) which have been normallzed by the
Jet diameter, and ﬂo is the complement of the angle between the jet velocity vec-

tor and the freestream veloclty vector. This equation has been used with good

E,
¢
i.
&
v
:
i

results {n studles of Jet-induced effects in transition flight, (Reference 13).

Sre .

R 2.2,2 Ground Plane Momentum Distribution - The character of the ground 4

witll=jece flowfield is governaed largely by the locatlion of the impinged jet
stagnation polnts and the azimuthal distribution of the implinged Jot radial

i momentum,  For normal impingement of cilrcular or nearly circular Jets, the ;

resulting radial momentum distribution in the wall-jet is uniformly distri=

buted about the impingement stagnation point. However, for non=vertical jot

i{mpingement, the actual azimuthal distribution of momentum is non-uniform

and heavily blased toward the direcction of the horizontal component of mean
Jet flow, Very detalled measurements of momentum distributions about
Inclined impinging circular jets were sccomplished by Donuldson and Sneduker,
und  thelr empirical data are shown for two values of H/DJ@ and two values of
Jot tmpingement angle 4in Flgure 13, Shown also {n Figure 13, are two solid

lines representing analytical curve fits of these data which describe the

e P e D T e i e e T M 12T

momentum distribution about the Jats as a functien of azlmuthal angle ¢. The

‘ cquations for E(4) are:

o A T At e S

ne - ¢ < 450

90° - I
F(p) = 1.0 + (0,535 com 4¢ + (.885) EE (18)

ot 4 e e P RED

) 45" < & - 180°

2 90° - o
- §2° e - RB2° i
fF(d) = 1,0 4+ | =0,7145 <EL§ 3 ~> +0,73327 <E“§6€% > (*-*'F?rjj> (19)

o{m

The solbd Tnes tn Figure 173 are shown for « ™ 60° and 75°.  The Funct fon

f($) Is melected to correspond to a value nf'H/l)10 of approximately 7 for

! the current study.  In the Form above, () contalns «

s a parameter, and

il
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Eo FIGURE 13
; "RADIAL MOMENTUM
: Impinging Jet i
: |
!
4 Y
: can thus be used for any implopement angle.  In this study, u“, wis J
" Limtted to angles greater than 60°.  The data of Reference 2 shows that at
P Yy = 45°, therv i essentially no momentum flow on the "backalda" of the
‘ ' {mp ingement reglon.
; : Tt should be noted that the data fit In Figure 13 dononstrates a cos 4¢
b i
o behavior near $ = 0, and that the momentum level on the "frontuide (¢ = 0)
!
; of the fmplngement reglon 1a roughly s1x times as high as the "backsidue"
!
: (b = 180®) For the larger Impingement angloa, This differs significantly
from the slmple cos ¢ behavior assumed in Refurcvnce L1, 3
D Fquatlons (18) and (19) ave further modified to roquire that the azimu= )
L ’ {
| thally Integrated momentum {lux be cqual to the free=Jot Incideut momentum A
; flux for any jet tmpingement anple,  Thia was accompl ished by normalising

P the aren under cach curve In Fipgure 179 hy {tw own arca,  The mod{ffed pround

plane wall=jot Inftlal momentum disteibutions are as followsd

e g P

é . . F'(g) w YAI. () (20)
% hore - | (1)
_ﬁ ) who YA ‘.)00 — I .-
d ; 1+ 0,115 BT >
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and £(¢) 18 glivon by Equation (18) or (19), Toa integrated momentum correc-

tion v 18 seen to ba a functlon of impingement anglo, n11, only and bhecomes

one for g = 90°,
For iirt-jets of exlt arca aspect ratio groater than 2 in close ground

core Tlow 18 present at the Impingement voint, (sce Flgure

RN

effect whore
), a C{) momen: v Fiux disteibution as shown schematically in Flpure 14,
The cquatlon

e

8 recommended as o Punetton of ot fmpinpgement anple, wi'\
Iu based on a simple condrol volume moment um

tor Al ghown In Figure 1a

balance for two=dimenslonal vniform fmpinging Yetd.
\ i () i {
fos
r, 1 $a
) N wl ha
- b |4 ‘ 10 [ = b N T T )
. B+ 1800=—d $=0 At
- J f23
r ) 0 0
s ¢ =09 1 2 ¢3 180
!
‘ Al o« cos t\l[ )
: :f
5
; |
; F’GURE 14 QAP use ;
' MOMENTUM FLUX DISTRIBUTION FOR RECTANGULAR NOZZLE JET (AR > 2) :
B CORE FLOW IMPINGEMENT ON GROUND PLANE ;
¢ ;
? 2,2, Stoguation Polot PMaplaceoment = Experimental observatlons by 5
f Donaldson and Snedeker (Reference 2) have eatablished the shire of the joet :
5 .
;: 4 Ht:’.]?.l'h’lti.Uﬂ Pl)Ll\t From the ‘lPPurUHL [_ml)lnp,umpn( point In the direction “J - 180" \,
% ' n the ground plane,  Thode results are presentod Do Fraure 15 Tor clrealar :
g _,Ut“n .'
b 200 Wall=dot Flows 1
% A deseription of the f1ow o the wall=tot repfon on the surface of the i
% sround plane has boen formulated through the use of the oxtonsbve data pro= ;
] f soentoed In Reforonce 2 and other sourves,  As would be oxpoctoed, Vo propors- E
. tles In the wol =Yooty are depondent on the properties of the free=jot as [t i
]
E 1
% 21
F.

o
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FIGURE 1B
STAGNATION POINT DISPLACEMENT
Impinging Jet

enters the fmplopement replon, Therefore, free=jiet dovelopment from the ot
oxlt to the ground plane must be establishoed prior to detinttlon of the will=
Jot flows,  This may be aecompl (ahed through use of the results presonted in
Svetdon S0l The Inltlal conditions for the wall=jot flows are also depens
dent on the local flow at the exit of the implogement ropion,

20300 Watledot Veloelty and Chivkness Dintribut tons = The oxtensive

expuerlmental measmurements deseribod in Reforonce 2 have catabl tshed the usotul=
ness of Lthe non=dimensfonal veloclty profile shown In Flgure 16 for the ture
bulent wall=Yets,  Mhis characteriat e shape peratatod throughout the wal feiol
reglon, and was found to e easentinlly Independent of R oand b oven for pone
vertteal Jet fmpingement,  With referonee to Figure 5 Lhis notsd Inens lona

proflle La ansumed Lo desertbe the turbulent wall=jot tor R R Study of

| L]
MDRL viscoud el liptic Tlowlleld solutlons for twosdimenutonal Jots and axlayvm-
metrie Jet tmpingement data (Retoronee 2) has led to the result that Rl lu

about twice the outer radlus, of the wplnging tree=Jets Therelore,

r P
Jmax,1?
from Flpgure 4

R, = 2y
| Imax. |

w48y (2

jv/ate
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: Tarough the ume of FBquation (22) and Figure b, Rl/b;\u may be obtained, ‘The

: radlal shift of the tmpingad jot stagnation point, Al{] may be obtained from
‘E Flgure 15 as a function of the ground (mplngement angle, Ny Thin {0 a rela-

{ tively small correction,

; Thus far, the geometry of the free~jot and ground radlus RI at the begin-
; ning of the radlal wnll=jot have been doafinad, A rolation for N5 and Umu-x at
; R - RI. la now required, (Soo Flgure 120)  From MDRL turbulent flow {eld cal-

v culations (Reference 14) and lmiting cases of tho data shown {n Reforonce 2,
i the following retation was ostablished for vertleal jet Lmpliapement
i Uninx —_ = 0SSV (21)

f R = Ry
' ' The peometry and redults of thoe MDRL two=dimensional turbulent Clowfield coms
: ' putatlion are shawn {n Flgures 17 and 18 (Reforance 14),  Experimental data
L from Refurence 2 define the depondence of (Umnx)'b - N the Jot tmpingoment
. anglo u“. Comblnatlon of Fguation (270 with a curve it of the appropriate

'f‘ ‘ data fn Referouce 2 yields the followlog rosutt !

Y0° - oy

() < 10455 + 170 (e Y | vy
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Bauatlon (24) relates Uiax @€ the ¢ = U nzimuthal pesition to the centerline

velocity of the lmplnging Jer and the jet (opingement angl Cyety e Exporimental

measurenents 0 Referonee 2 albe def fne the bebavior of Um-.x With ¢ for nonver-
tleal jot tmpaingement:

U H0° - o

WX

’U'l" TN l.() - ()./| ( M "‘l",)‘” ‘JI‘) H‘H ltl/L’. (.Zr))

max o= 0

Combluatton of Equatlons (24) and (25) yvlelds Um"x[ as a function of 4 and

[L -

AN
VO° - 90® -
- 8 e _-_....-J_!. Tl - [ ..m..‘L!' v '
Um“xl_ VJU’[[O‘-)S + t1~70( 15e )H] 0.4( .150 ) Bliln Ql/ZJc ({.'())
The behavlor of “mux with R follows the characterlstle radlal decay:
Rf
| 1) m el . .
l'mu.\c ) R Umnx.. (27

The measurements of Nr) roported In Reference 2 yiold required tnformatlion about

Nt

]

Ng (4) (Nf)‘,...()m Lo (=)

3

and, through Interpretatlon of measarements of Nr) vver a wilde range of radlal

statfond
N,) (R) = N'Sl' + 0,07 (R - RI')' (29)

The vdiw of tie wall=let shear layer may be delfined from Bquation (29) and
Fipure 1o whiclh shows Lhat

Nmux. -2 NS ) <10

To complete the deserviption of the wall=letr veloefty and thickness dis-

tetbut long, o relatfonship ror Ny Lo roquirede  Thin fw obtaluoed by vquat ing

the total radial wall=jot mans (lux at I(l Lo the total mass i the free=jet at

the tmplngement polnt, (e

RAT "
/ f ()m‘ll Rl tll‘l dN lll‘,“
O (4]

L . Y . ' . .
S o3 *,L\':ﬂ'{w!‘(lﬂ“‘u"‘ : .:vifm'r'-'. coretwe ey e R rvw;\r". .
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This may be re-wriltten

2 o
] N )
nmT.Rl NSI Umnx HT' ) d (N; y de ‘WYN
" | minx I3

Lot the dotepral of the arca of the veloclty proffle shown o Fipgre 16 be

desfpnated an 10,
il
)

u N .
max

Then substituting Umux from Eguation (26), the following result 1e obtafned:

Mo ™ Parly Nap by Vier X
2 90° - u 90° -«
R I lr5+'l“’0""'“J“H‘l‘()M“”Tﬁ“L)Hm‘MZN%
(8}
Porforming the indicated tntepgration and solving for N5I= ,
m
- A _ ,
N5l'. 90% - -L —_— . (Jf) ,
3 ] ...._....... ) - [ERSORRNINEY
“mef 1m le [455 + J170( S )2 .8( Hu—'L)l

Thereforu, NWI im related to the properties of the free=jor through m\Tl and

\) und to the fmpingement angle “11'

Jet :
Fquations (22) vhrough (31) dewerihe the geomotry and velocdtly distr{bu=

tion In the wall=jot voplon, Although the thlcknoss of the wall=jet replon

fw wot a functlon of 4, the volovlity 1o Influenced by & (Rquation (26)) and

therefore, the mass tlow rate In the wall«jot wil] vary with ¢ for
Mlow rate witl also o=

* nou=vertical

fet Lmpingement as did the momentum fiuxe  The mass
creage with R oad the wall=jet entreadns amblont flufds This will be discunsed
further {n Sectfon 2,7%,2,

Ver{fication of ground plane wall=jot flow prediction redults have baen

ubtadned.,  Flpure 19 shows measurced valuos of maximuam wall=joet veloely, Umwx

at the tmpingement roglon outer radius, Rf’ ag computed from Lguations (1)
and (K) ¢ Thoe agreement {8 seen to o very poods This Ty osfpnttleant sined
ad R oare needed for computation of wall=jet cntrainment

the values of U
mik

veloeftfon,
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VARIATION OF MAXIMUM RADIAL VELOCITY WITH RADIAL DISTANCE -
VERTICAL JET IMPINGEMENT

2.3,2 Wall-Jet Butrainment = Walle-jet entrainment rates can be obtained

through use of the resul.s presented 1n Section 2.3.1 for wall=jet geometry
and veloolty dictributions, The radial wall-jet 1s a diverping arca {low,
and since the entire flow occurgs In a constant static vressure environment,
severe thinning of the jet would occur without the thickenlng effect of masea
entrainment, Equation (29) expresses the growth of the wall-jet thickness

with radius, R, with initia) value N., at RI'

51
The total mass flow in the fruujjet can be computed from vmpirical data
v mass entralnment including density differences between the jet and the
amblent density, At the impingement point, a mean Jet denslty can be com-
puted, Lel this mean density at the lmpingement point he designed as Pt *
This density Is used to determine NSI fn Equation (31). The total mass flow
ln the radlal wallejet in an azimuthal sector between the angles mu and ¢A ls

: the following:

(bl; m

X - U AN\

m [ (py = 9,), R] = "mj J‘ U <U > RN, <N> do
(t)A ) )

max
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uging the definition of Iﬁ and Bquation (27) for the variation of Umax with

R, this bocomes:

({)H
- = * e 32
p' l(q)“ ) RE = N, IR [ unml dd (32)
'!)A
Now usdng Fquations (29) and (26) for No(R) and U (4) respectively:
5 max,
LI = . - 33
":nv l(cp“ - (pA), R:l Ry Tr Vi [Ngp ++07 (R=Rp) (39

jel
90° = i 90° =~ q,, s
0,55 + 2170 |——g-id 1= 0.4 (s dt) sin Fdo,
)
A -

The entrained maas between successive radil RB' RA may be expressed as followss

. m mont'r alned i
HL—' (\ "'B - r"A) » RB - _A;“. ((t’” - ¢)A) ’ RA - _—)..-'.."_;——_0 (34) 1
P : Pm Pambient i
Through the use of Lquatlons (33) and (34), and a successive sat of computa- ﬂ

tiong along the redlus R, the mass flow, entralned mass flow, and mean dene

sity of the wall=jet may be Jdetermined, 4

The last term in Equation (34) represents the volume flow rate of en-
trained flow per unit area of che wall-jet surface, Taking this surface to
be approximately parallel to the ground plane (actually it Is inclined at an

angle of approximately 4°),

Ry o % Ry - RAZ 3
y o] : = —— - 0
Maurface j R dR d¢ 2 (¢B mA) (35) L
J R le
from Equation (34)
L ] | ;
m
ontralned
SRLIReS Wy A (36) '
pzlmh {ont N “surface : ]
Combining Equations (33), (35) and (36) the following expression for VN ig :f
{ obtalned:s .
90w ”¢B 90° -QJ_ ﬁ
]‘ T (S - e somapene. * - - — __ 8 1_
0,14 R.L V\](:I" lm 0.5% + ,170¢ e ) J(b 1 WO (- TE ) Hin 5 dd ;
A ;
! V, = e e e o e TN — (37) o
o N Ry + Ry (= 0) }

28

L o W sk S




For the speclal case of vertleal jet Impingemunt, G = 90°, Equation (37)

becomes

0.14 R,V I*0.55%
\Y S e e e .J. ....J}.;.l._ ,...«n.l e e e
N (\\H + RA)

The numerteal value of ll;l fs approxtmately 0,98, Therelore:

RI (
v @ 075V, | e, 38)

» N Jel Ry +R,)

: w,, = 90°
L. |
¢ 2,303 Radial Mall=dot Momentum - The azimuthal distributlon of radial k
) y

will=jet momentum L& obtained at the exit of the lmplugement reglon from the 1
; : results presented in Scetion 2,2.2,  Flgure 20 shows the radinl dependence of
; 3

the Impinged Jet radinl womentum, nlso from Reference 2. These data clearly

show that wall shear stress can be neglected in the radfal development of the

witllejets since the radial momentum is clearly conserver through a large range

i - of Rln}u' This greatly simplifics the wodeling of the wall= Jet development {
ﬁ reglon, since the £40Y momentum functions will ercablish tne azdmuthal momen= b
I .
b R Ay — '
k Qu It 45° 4 -0 o Qg oY, ¢ = 0° ;
0 o =80, ¢« 0° 4 - 7% 0 - 180° 3
A “1[ R 750‘ o - o° o (\‘“ 0 800, [/ 180°
[
4

S L S R R R AL 3T,

- T °
4 ..
7

~3>

&

£ s

é ..

0 Ty

§
2
$
P : O A
1 N § \ ﬁr
| ¢ - ) |
i A *Ah—. 2

r,

2- i a A CF* Ts ‘
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L FIGURE 20
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tum distributions for all valuea of radlus, R, up to any wall=jet interaction
radiug, It should be noted that the datn of Pigure 20 Inrlude impingement
anples as low as 45° wherce there (s essentially no momentum flux on the "bnck-

side" of the impingement rogion (b = 180°),  Mathematically expressod, the

data of Flgure 20 Indicate that

SM/M
) ) , 1
N B R 39 ‘
TR < iy ) o . (39) .

In contrast, Fquatlon (3=10) ol Reference 11 may bo differentlated with

E redpect to R to yleld é
E-'\ a <3§£}1> w oLl Ahcos 9 40 i
] 3R \ 94 2 T R ' )
i r .
indicating dependence on R, This 1d not a radial decay becausae of ground wall 3
shear, but {4 1 vesult of the geometric modeling of the jet impingement region
uded In Roeference 11, This is apparent, since in the modeling of Referonce i
11, when normul jet Impingement occurs, Ah = 0, 1in which case Equatlon (40) f
would iIndicate a radlal decay of momentum for obllque lmpingement only, Addi=- %
tionally, the data of Reference 2 indicate that the helght of the wall-joet E
doos not vary signi{ficantly with azimuthal angle for obilique impingemont
(Fquation (28)).
The simplification of the wallejet stagnation line computatlons and the
supply of momentum to the bases of fountalns that follows from the ude of i
results based on Fquation (39) as opposed to Equation (40) will be discusscd ?
in Scetion 3.0, ]
3

- R
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3. VISCOUS FLOWFIKLD WITHIN THE INNER RECION

L, jmggg'ap

8

An discussed in Section 2, the aceuracy of description and model{ng

B
£

of the viwcous Flow In the reglon botween the undersurfuce of the alrerafe
and the ground plane has been greatly enhanced hy the extersive experimental
study of Jet Inwingement by Donaldson and Snedeker, Reference ¥, These and
other data have heen employed to def Ine the properties of the free=jet and
witll=Jot formed by the flow from any Indlvidual Titt=jet nozzlo. Analysls
of a4 multi~jet VIOL ulreraft Uift syatem flowfield requires a complete de~
seription of the geometry of the alrceraft Including lndividual nozzle vector
and aplay angles, aircraft height and orientation (plteh, roll) with roespect
to the ground plane, lndividual lift=jet trajectorioes, and jet impingement
points and jet impingement angles on the ground plane, These geomatric data

are requlred for each Jet to enable the application of tho fluid flow modeling

techniques presented in Section 2,0, After the fluld flow properties of cach 1
" individual wall=jet »vra edtablished, the wall-let interactlon stagnatlon lines

are determined from the procedures to be described 1o Sections 3.2 lor any ﬁ

two=jet palr and in Sectlon 3.3 for a 3 or 4 Jet VIOL alrcraft multi-jet 14ft §

system, The filnal result of the stagnation line computution procedure provides

Info rmation on stagnation line locations In the ground plane, inltial foun~
tain flow directiona, and momentum flux entering the bases of fountalns lo- l
catod above the stagnation lines.

These procedures have been developed for the flowfleld within the inner
region botween the afreraft under-surface and the ground planc, Lthoe lnner

reglon Lv hounded on the wides by geometric planes normal to the ground plane

ard pamsing through lines connecting each pair of Jet lmplngement polnts on

ot e i

the ground. The procedures developed, howuever, can be caslly extended to
ground rlane flow reglons outslde of the Inner reglon where fountadn fmplppes=
ment on alrevaft undersurfaces can also oceur and produce loads on thoe afr-

framc.

DR P N

10l AMrframe, Jet, nnd Ground Plane Geomat iy

The initial airvframe geometiy, alvcerart ordentatlon, and helghe above
pround must, of course, be specifled or known by the urer Lo fmplement the
predliction methodologys A three vieaw drawing of the alreralft including nog=
zle geomotry and nozzle center of rotation o vectoring Loavee Teeations and
nlreraft center of gravity location ds helpful for this purposa, It I8 {mport- ;
ant that o consistent right handed systoem of coocdinatoes be used o the alr=
frame such as the conventional Faselape Statlon (x), Butt Line (y), Water Line

4 (2) systoem,
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A mathematical procedure has been developed to determine the intersection
points of the free=jet centerlines with the ground plane, for an arbitvarlly
ovlonted alreraft, Incluading the offects of Indlvidual jet doflectlon, This
procodure Includes the effects of crows=Tilow on the free=jot path deflection
and the corrvespond fug fmp tnpement pofonta,  The mathemat Leal formulatlon of this
procedure I8 deseribed In Appendices | and 11, A compater program has beoen
writton to carty cat the caleulattons, and has been ehecked out For several
vindges,  The required geometrlic Inputa Lo the program arcs

Lo Alreraft roforence cege Lwcatlon - Fuselage Statdon (F,S,), Butt Line

(Bele) and Witer Line (W, L)

2. Number of jets (a maximum of four)

3o Orordinates (F,8,, B.L,, W.L,) for the canter of thrust of each

nozele

4 Vactoring anple, splay angle, Jet velocity, and jet diameter for each

nozzlu

Je  Alreratt plteh, roll, and yaw angles; hedght of the reference cog.

whove pround; and frevstroam veloelty,
The program outputs the center of thrust coordinates, thruat vector components,
Jut dmpingement points, and jet dwplogement angle complements, o, referenced
to a pround={ixed covrdinate aystem whose origin 1ies directly below the air-
erall cogey and whode eaxdls 48 ollgned with the cross=flow velocity vector,
The Jet implagenant angle complemencs are definoed by the vector tangent to
aach Jet path at fts polnt of Intersection with the grovnd, ond the normal
veetor to the ground plane, The absolute sngle {n the ground plane (0° to
360°) of the interscctlon with the ground plane of a plane noemal to the
ground plance and contalning the tangent to the let path at lts interdection
with the ground Is wldo output, Thiw angle, v, defines the negatlve of the
direction In the ground plane of the projection of the horizontal component of
Jet velaclty In the ground plane,  This n turn defines the ¢ = 180° direve
tren for each Job tmpingement reglon in the ground plune voordinete systom,

At the fmpingement points L9 the ground plane, a busle polar conrdinate
systom s naed to define the propertdes of the wiall=fets abort cach Lnpinge=
ment polnt aw shown in Flpure 120 This fe the loval R, ¢ wystem of coord=
Inates whilch apply to wach vadlal wall=jot,

302 Stagnatlon Line Computation for a Palr of Wall=Juts

The computution of the stagnation oo position between a patr of intor-
acting wall=fets s accomplished through the applicvation of a control=volume

momentum balancee along o dbfferential sepgment of the stagnation Tine,  Momentum
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fluxes enterlng the control volume are related to the lmpingenont veglon exit
momentum distributions for cach jet as shown in Figure 13 and the angular sec-
tor amanatlng from each Jet lmpingement point that 1is subtonded by the differ=-
ent Lol stapnatfon Line sepment,  The result s an equatton for the slope of
the stagnat{ion oo at any polnt In the ground wall=jor flowffeld, The stap-
natlon Hne s determined by o stepwise marching process using thede computed

; plopes. A silmdlar development {or the slope of Lhe stapgnation Jine hetween
one arbitrary wali=Jet and o unttorm pround cross-flow has been aceomp! fahod,

}; 3,2,1 Development of the Stagnation Line Slope Fquations = The momuentum

% balance for the detormlnatlon of the local stagnation lino slope is applied

4 to the elomontal contrel volume fn the ground plane as shown in Plgure 21,

(T The conservation of momentum normal to the stagnation line for the control

? . volume 1n the absence of any pressure and viscous forcees 18 the following:

§ ?‘ J:[ UNQ (p U dA) = 0 (41)

Eo T8, ' .

;

h

1' I t

Ky ;

: - Ligmental
} L ,—"”’ C;1H;‘
? - Volumea
Eo hwail:::g;:”’
o
. —-—_~-i- :
I\ y 3
4
3 i ";"2 .
[ - Stagnation 23
; Line ¢ {x, y) :?
— Kwa 3
| \, _
2 F'GU RE 21 ae1y.0ati-1a
‘ CONTROL VOLUME AND GEOMETRY FOR STAGNATION LINE A

o MOMENTUM BALANCE

Slduw I and 2 of the control volume are chosen normal to the radial

‘ veloefly voutors, ﬁRl and GN?’ from the tndtviduat Jer fup Ingement polnts, B
E { Assuming no Joss [n wall=jot radial momentum with peometrice loenl radius R .
. ':%
- £ 4
;
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for each wall-jet based on the osperimentnl results shown in Figure 20 (or
as expressed by Equation (39)), the momentum flux for cach clroeumforentlal

sector s

w

" . '
4 ol - - h) ML 42
5 i UR R ' d N YA () MJ 7 (42)
0

whore N 1s the dlstance normal to the ground plane, Applylnyg Equation (41)
to the control volume (Figure 21), und using the fact that no flow occurs

through control volume sides 3 and 4, the following result 12 obtalned!

w

2
j P UR] R] sin (0 = ¢1') a¢1‘ dN
(3]

2]

2 . .
u '[ P UR2 R?. sin (¢2' - 0) 'J(bz' dN (4%)
0

where @b angles are further defined in Plgure 22,

UUny) 0 - M

nin (g - )

/ H1 ('Wz'1

) o’ Ry
Ry
0~ 12

4’/) A¢§ \\
vl ' ¢ , ‘v "'2\
k/\H (B1) / M

| :
FlGURE 22 [T RRIKYL N Y]
WALL-JET INTERACTION GEQOMETRY
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Substituting Equation (42) into the above result, the following is obtained:

YA F!(¢L) Mjl #in (0 - ¢,')a¢)' " Ypo r2(¢2) sz Hin (¢2' - 0)n¢2',(a4)
the following s obtained:

From the geometry ahowm o Flpure 22,

dt nfn (0 - ¢J')

g, ' = (45a)
1 Rl
and
de sin (¢2‘ - )
A, = R . (45h)
“ 2

Substituting equations (45a and b) into Equation (44) there rosnltss
] Y . 2 - [ . - N 2 . [
YAl t1(¢l) bhl sin® (0 ¢1 ) YAz 12(¢2) PBZ Hin (bz 0)
R T i, T (A6)
1 Y

Solving BEquation (46), the followlny desnlred rosult la obtalned aftoer dome
further guomatric aubstitutions are made from the geometry in Figure 221

B owin ¢,
" | - -Lj‘v-t a -.——.-'!--"“"2
tan @ dx ) 1 4+ ¢ con (b,,l (47)
whara
Ry [rag £aen)/vpy £L00) Mo/ Ry |
Bom o o, (483
b RZ/RJ &

The distinetion made Ln the above oquatlons between the angles ¢ and ¢' Is
nocensitated by the fact that the ¢' = 0 divection s pavalleld to o 1ine
Joining the Jet impingement points, whercas ¢ = 0 (& reloted to the {ndi-
vidual Jet lmpingement geometries, 4" and 4 are velated by a wimple votavion
about the {mpingement point of the type of data whown {n Flgure 13,

The stagnntion line solution for any jot pater s obtalned by o Ktoepwlue
marching proceds begloning at the point where the stopnatlon Hae crosses
the Tine {nintng the jet dmpingomont pofnts, At this common polnt, the

rudid R] and §, as shown In Flpure 22 are relatod as followsd

35




:
b
0
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R, g (ih )
R 'H : (49)
! ”.\1 YAl '1("‘\)
Thisw may be obtaloned [rowm Egquation (A6) by sotting, r|» =0 and ‘I' monoin
that cquation,  For pormal Jot fmpingement, Foguet fon (49) wlmpllt fes Lo
*') )
na i (50)
| M

1

A computatlonal program has been weltton to detoermbne the coordinote of the
stagnnt{on Unes as determined throupgh the molutions of Equations (47), (48)
and (49),  The weehanlens of chis procedure and the luplamentation of the pro=-
cadd for multi=jat flowtleolds Il discussced further In Sectlon 3.3,

3,2,2 WalleJat Patr Stagnatiuvn Ling Solutlons = Stagnation line solu=

tions obtoained through solution of Bquations (47), (48) and (49) are presented
in Figures 23 through 25, FMaure 23 ghows the regults of o parametrle vardone-

tlon of the interaction of waull=jetn formed by two vertdieal jets of varlous
momentum ratieos,  Shown aleo {n Figure 29 are stagnation llne solutlons for
non=vertlual but cqual Jet dmpingemont angles of 75 and 60° for jets of
agual momencum,  Note thot the resulin slown in Figure 23 are shown for the
upper right hand quadrant only, and that the ordinate scale {s compressed by
a factor of two,

The stamnat Lon Line satterna for multi=jet intoractions may be obtained
from results such as shown In Flgure 23 by appropriato locatlon, rotatlon,
and applicatlon of loglend rulos of wymmetvy to lndividual Jet pale swtapnu=
tion Tine solutious, For exarple, a family of wtupnation Jilne solutlons for
n four jet arvongement s shown 1o Flgure 24,  These were construacted From
curves delsctod rom Flpgure 29, Likowise, #lgure 25 prosonts a will=ot
Intoraction stagnation ine solutlon for o three Jet arrangoment with the
two aft Jets cuch having one half the fot momentun of the Forward fet (a1l
Jera are fmpinging vevtically),

Flpure 26 shows n compartdon of computed snd peasured stapnation ine
locatlonn for o two=jet patre  The experimental daty were obtalned aa pet

of a Mebonnelt Atveraft Company Propulslon NDepartment [ndepopoent seaeareh and

devolopient program (1TRAD),
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3.2.3 Logal Dirmction of Fountain Flow Above Stagnation Line - An

o

estimate of local fo ntain flow direction directly above aach point on the

satagnation 1ine may be obtained through further assumptlion of conservation

of momentum without viscous lossed in the turning reglon at cach polnt on the
stagnntion Fines  Consider the stagnation line pgeometry and momentum Flux
decompos {tion shown In Flgure 27, The loval fountain flow plane shown in
Fipgure 27 (8 assumed to be perpoendicular to the ground planes  Here the moment -
um tlux incldent on a stagnatlion line sepgment from wall=jet numbur 2, ﬁRZ’

is resolved into components normal to and tangent to the stagnation line saep-
ment, Tf it {8 assumed that the vertical momentum flux in the fountain from
wall=Jet 2, Mer. {8 equal in magnitude to MN2 and that thc tangential come
ponent of momuntum flux in tho fountain from wall=jet 2, MPTz is @qual in
magnitude to MT”' the angle Ky i definod ns shown in Figure 27 and may bhe

found to be geometrically equal to ¢2' - 0,

Plans Containing
Ky, K2 and kg

Stagnation
Line U(x,y)

MeT2
MEn2

Staghation
Lina ¢ (xy)

o
[l 2

: ¢'1 0\ Jut 2 impingement Point \
Jut 1 Impingamaent Paint

FIGURE 27
RADIAL WALL-JET AND POUNTAIN MOMENTUM RELATIONSHIP
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K Ve (51)

2 "ty
and, 1ikewlae tor the flow from wall-jet 1,

b,

U A (52)

For the two sides of the fountain:

Mewror = Mgt Mg 2 My

FN1 FN2 N

and

[ .

Mpppor™ Mers * M (54)

The nngle » " g dofined Tor the Ffountnin s
Mewror

MFTTUT

ton v, =
li

Through substitution of Bquations (51) and (%) Into Equation (55) there

resultst

L R (50)

dividing through by hFN'

2l
LN kW et (57)

¥ :
My . My

e
N M,
e e

now, uslng the anploes & and v,y the above becomedy

3}
-

(58)

tin o, = cot %y + cot »-:
Bared on the assumption of a constant convective velocity In the turning

process between the wall«lets and vach satde of the fountatn, resulting In a

miged nnd avernped convective veloelty within the fountain {teeltfy the angle

boo i Bgquatton (3%) Le assumed to represent the Tountain velocity component

I
ratio ar well as the momentum component ratio,  Thorefored
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£ Ve Mewtor 2 (59)
B tan K, v o - = b
B ¥ VF'I' b‘i cot Ky t et K,
' ’ FITOT '
The local slope of the stagnation Line fn the ground plane, @, und B
the angle i then detormine the local dfrection of the upward fiow dn the .."
fountain obove cach poilnt on the stagnation Line as shown in Flpure 27. 3
3,204 Stagnation Line Slope Fguatton For Slogle Hall=Jet and Untform i
Cross=1low Interaction = The theoretical develepment presented in Sectlon 4
) o i
3,2.1 has been modified for the determination of the local slope of the stag- 3
nation line in the replon of Interacedon of o slnple wall=jet and o uniform .
. cross-tlow. A dlagrum presentlng the geometry of this Luteraction fu the ‘
ground plane and the nccessary nomenclature 1s presented In Figure 28, ..
' 4 0 j
¢ X, y Coordinates Lie ]
in Ground Plane A
0 ﬁ:
d¥ T Stagnation
¢ Line ¥ (x, y)
Rdg’ dY = dUsin ¢
sind’- 0 = —
¢ 0\ :
ay |/ d¢
Unifarm . M T ——— - 3
C"OS!. (”A . ——— uy \ S——. ;
Flow o NN :7\
\ " 3
+ t
@ b
0 v 4
il L)

x

e o) o/ :
} r ' e ll l
niform Cross i Y o [ 2n A

Dy Flow Momentum ,
Flux per Unit -9

Length inY
Direction 3
aR77.0274.82 - i
FIGURE 28 B
INTERACTION GEOMETRY - RADIAL WALL-JET AND UNIFORM CROSS-FLOW "

A cvontrol volume enclosing the differential line sepment, df, 18 used
to apply the laws of congervation of momentum In a dircetlon perpendicular
to the Hoe sepment in the ground (x, y) pline. As in the case of two roadial i

witl 1+ jots, the resulting expression is an equation for the alope of the line
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segment, d&, in the %, y, planc, The momentum distribution in the radial
wiall=jet 1y defined identically ay it was for the two wall-jet interaction
case, The vew physical quantlty required is the momentum flux per unit

lTength ('n the vy direction) of the cross=Ilow.
Along the x axla In Flgure 28, where the axis Is choson parallel to the

cresg=flow directton, the penetratlon of the radial wall=tat Into the cross=-

Flow s plven by the wapnitude of the wali=Jet radlus RI' oy
th 1

Yo (o= m) bh

LSSt 4
¢ 2 aMc
Y

(60)

vhich for a vertically impinging jet becomes

M,
R, v e (61)

' -} L]
’ ' 21 Me
oY

Through the use of Equation (60) or (61), the locatlon ot the stagnation line
as Lt crogses the "x" axls may be found, The general equation for the slope

of the stagnation Line 18 the following:

] o .. 8in g‘ ]
tan @ 1 4+ wceos ¢° (62)

where

v, £(p) M
I T WA | (63)

npgp 2NE
21R N

These equations have the same general form as the corresponding cquations for
a palr of intersecting radial wall=jets. The solutlon of the equation follows
the same procedure ns for the interdecting wall-jets which hoy been described
previously,

The practical difficulty In the application of the above resulty to
cross~flow/radtal wali-jet Interactlons is the determination of the quantity
DHP/HY. The difficulty lies 1in determination of how much momentum in the
vertical direction (normal to the ground plane) should be included In the

momentum derivative, Mathematically:

M, N 2
Fron = n Ux dN (64)
0
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It ls recommended that until pertinent emplrical verification data are ob-
talned, N be taken to be cqual to the value of Nmax computed For the radial
witll=jot Flow (Bquation (30)), Because of the unecertointy involved in defini-
tlon of the crogs-flow momentum magnltude, the stagnation line solution for
the wall=jet/cross={low {nteraction has not been Included 1n the ground {low-
field computer program,

o3 Computatlon of Stagnatlon Lines for PThree-or Four Jet Flowf fvldy

The computation of wall=Jet stagnatton nes in the ground flowlleld
below a multi=jot VIOL alreraft is accomplahed from the rosults of compul =
tiony between palrs of interactlng wall=jets, The fountains formed above
the stagnation lines are assumed to convect the interacting flows upward and
away from the ground surfuace therefore preventing the mutual interaction of
any mare than two wall=jets on any stagnation llne. At points in the flow=
field where two or more stagnation lines dintersect, the fountain flows from
more than ona lat palr will interact formlng what has been ciulled 4 central
fountaln, However, this interactfon takes place above the ground plane and
ovcurs only at a "point" dn the ground plane surface. The fountaina formed
above the atagnation lines are three dimensional unless the yround stagnation
line is a straight line. If the ground stagnation line is straight, the foun-
tain veloeidty vectors lie in a common plane, but are diverging is nnture forming
& "fan". Fountain flows will be di.cussed in detall in Section 5 and 6 of tids report.

3.3 Geometry for Three or lour Jet Stagnation Line Computation = For

the three or four jet cade, the results of Section 3.2,1 are applied to cach
wallwjet palr, The ground plane geometry required is defined In flgure 29,
Here the ground plane reference coordinnte system i8 designated us XOP, YOP
where the XOP axis {8 oligned with the direction of the froee=satream or crops-
wind velocity direction. The locatlon of the implngoment points XOPN, YOPN
where N i the Jet pumber are ohtatined directly from the resultsa described Iin
Section 7,1 and Appendices T and T1. A stralght line I8 thun constructoed bhe=
tween cach palr of Lopingement potats forming o telangulor or quadeilateral
as shown 1o Flgure 29,  The aagles, g of onch Line Joining the palrs of
lmpingement paints arce then determined, The angles, by Must hoe detoermined
in the absolute senso from 0 to 360° with w = 0% taken conventionally along
the +XOPF axds and 4w measured counter=clockwldae from that reference posltion,
The sende of each stralght Tine Joining the jJet Implagement poelnt palrs s
taken in the order of the numbering of the jot fmpingement points,  For
example, the line Joinlng fmplogement polnte 1 and 2 {n Figure 29 has adsoc-
lated with 1t an w,y directlion of nlightly more than 90°, and Jikowlse the

viilue of ", te aligntly lens than 3607,
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COMPUTATION OF STAGNATION LINES

The dndividual stagnation line solutions are then computed for each wall=-
Jet palr in the douhle=pnlur coordinate syatem shown In Flgure 22, The re-
sulty of these computations, which determine the coordinates of the stagnatlon
lines in the local polar systems, are then transformed to the X0P, YOP ground

plane reference dvatem throug' the use of the angles w the local polar

)
coordinates R, ¢'; and the jet dimpingement point uunrd?nntuu. XOPN, YOPN,
Bach stagnation line {8 computed in the positive sense of q)l', thorcby doter=
mining the portlon of the stagnation line in the inner reglon,  Stagnation
Hies of Ysymmetry" (perpondicular bimectors of the line joining the jet
Implogement point palrs) must he detormined separately sincoe, In this case,
tan B = op and Lguatfon (47) s singular since the denominator og the ripht
hand wide of the equation becomes zero,

305402 Rotatlon of Basdte Momentum Distribution, ££(¢) = In the computa=

tlon al the wall={et palr stagnatlon 1 ine solutiens, the toval polar coord-
Inate system Ry, ¢" will not always ronmult in an orlentat lon such that 4" = 0
In the direetton ¢ = 0 ad defined for each Jet Impingement point,  1n thoese
cases, the angular retation of the momentum dilntribution [(¢) as nhnwn\ in
Flpure 30, mudt be utilzeds  In Flpure 30, the angle, v, dosceribad In Sectlon

Yol eatabllshes the profection ol the direction of the negative of Jet meon
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Jot Flow Mean Velocity

Component Projected :

in Ground Plane

3 LT RTIRY f
' FIGURE 30
ROTATION OF MOMENTUM DISTRIBUTION f(¢) :

veloelty in the ground plane, This corresponds to the projection of the
thrust vector {n the ground plane if there 14 no cross=flow, The negative
y direction then corvesponds to the dirvection {n which ¢ = 0, The ¢ used to

deturmine the momentum flux distribution £(¢) from Figure 13 {m then given hy

the following (from Vigure 30)1

b ow |+ 18D° = M 360° = w = @' | (A5)

when b = 180°%, & = 360° -« ¢, and the local momentum flux is obtained from

Bguntlon (18) or (19) as £{¢) or F(¢) avcordingly,
: 1¢3:3 Determination of Wall-Jet Momentum Flux fntering the Bage of a

- s
——,

ﬂnmtﬁ‘iﬂ;--..f\ ntagnatlon line pattern fov a rypleal four jet ense ls shown
schematfeally fn Figure 31, The total momentum flux to the base of the foun=

L T e

tuin locuted above a stagnation line segment auch an A=-B fn Figure 31, 1w
obtafned by intepgrating the momentum flux in a sector subtended by the angler
toand (bB' wlao shown In Figure 31, The geometry I8 deofined hy the appro-

¢
A
f priste values of coordinates of the points A and ¥ as determined by the stag-

o natlon tine solution for wall=jets 2 and 3,
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The vxpresslons developed {n Retference 11 for the momentum flux ontering
the hases of three and four Jot fountalns are more reastrictive since, for the
A cage of non=vertical jet {mpingement, the radial wall=Jet momentum [lux Is
dependuent on the local radlus R about the {mplngement point,  This 1s i{ndi=-
! cated by Bquatlon (40).  This R dependonce apparently nceenaitated the assump=
- tlon of o "dividing satreamline” perpendicular to the ne connecting the Jet
) Implagement point palr for the Tountaln base momentum flux determination (n
-‘ Retforence e Through the nse of Fquation (60), the coordinates of each
E f point (n the stagnoation Line segment tn the ground plane are not rogquired,
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the angle ¢ in Equation (66) {8 related to the angle ¢2‘ through the umg of

Equation (65) applied at Lmpingement polnt number three, i.e.

h o= ‘Y'x + 180° = M 360° - w, - 4,2'| . (67)

The tormuiation of the momentum Flux glven In Egquation (66) requires values
of purtloent anglea In the local flowtield only, and does not depend on the
value of the local radius R about the lacal impingement point, 'This 18 a
@ direct result of the independence of wall=jet r&dial momantum from local

radius about the jet implngement point (mee Figure 20).
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4. CALCULATION OF THE TNDUCED PLOW FTRLD

For a VIOL configuration tw haver, thoe mass entratoment of the free=jots
md wall=fots dnduceos an external (low Fleld surrounding the aireralt, Be-
cause the Induced flold 18 casentlolly tncompresditile, inviaeid, and dirrota-
tional, potentdnl tlow theory can be employoed to caleulate the resultant
forees and moments,

The pertloent £low buundaries are llustrated In Figure 2, In accord=
ance with the mothodologles of the preceding sections, the geometry and mass
entrainmant rates for both free and wall=jats can be calculated, Tor appli-
cation to potential frow theory, the distribution of mass entrainment rates
provides preseribed normal velocdty houndary condftions on the jet surfaces,
Slmultaneous boundary conditions for the aireraft are obtainad corresponding
to {low tangency requirements on all solld surfoces,  The complote distribu=-
tion of Noumann normnl valocity boundary conditlongs is theoreticully suffi-
clent to determine the entire lnduced flowlleld, theluding the alreraft pros=-
sure distribution,

The Douglas Neumann Three=Dimenslonal Potentlal Flow Computer Program
(Reforence 16) wos solectad ad the fundamental tool for caleulating the in=
duced MMeld, Sectlon 4.1 briefly describes the program nnd explalvs the
motlvation for its welection, Program modifications which tallored the Douglas
Neumann method to VIOL applications are described in Section 4,2, In addi=
tlon to allowing for arbitrary Neumann boundary condiclons, thase modificas=
Llond wimplify user fnput requirements and provide increased aceuracy and
ef fleleney for configurations with wall=Jots,. Sectlon 4,9 nrodonts the ro=-
sults of numerical experimentation conducted to catabllsh program user gulde=
Hnes tor jet=induced flow problems,

A dotatled user's manual for the modified program has been writton (Refot=
ance 17)¢  The manual contalna complete lnput instructlons Tor the program
plus wample {nput/ovutput for o wimple hut 11 lusteative vane,

4.1 The Douplas Neumann Method

The Douglas Neumann method {8 bhused on the fact that any neompressible
putent fal flow veloetity fiold can be connfderod an being fnduced by o poarti=
cular surface distreibution of dource sinpularities on all flow houndarles,
Far vrample, In Jet Interaction problems che appropriate boundarios of the
Inviscdd flowfleld are the afreraft surface, tree=jot sarfacee, and wali=jot
surface,  The Douglas Neumann solutlon phitlosophy fnvolves the vepresontation

of o contfouous source distribution over the boundarfos by o dlsereote distri-
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button of constant strength sourco quadrlistoral pauels, A consequonce of

the linear naturpe of potential Flow {8 that the complote veloodity at any

fictd point {8 stmply the Pnear combinatton of Free stream voelooity plus the
sum of the velocltios Induced by cach Individual sourcee pancel,  Furtheemors,
the veloetty Induewd by o sinplo source panel fa dbreetly proportfonal to the
pancl source strength, Consequently, ft I8 pousible co establish o system of
Fincar alpebrate oguations vetating preseribed normal velovity boundary con-
ditions at discrete control poilnts to the unknown panel kource strengths,
Solution to the systum of oquations genorates the complete source distribution
which 48 uscd to caleulate the complete veloelty vector at any point of inter-
est in the potential field, Use of the HBornoulll equation converts velocity
magnitude to local presasure coofficlent for use In force and moment Integra=
tlon.

The model ing of arbitrary flow boundaries by a quadrilateral panel not-
work 48 {llustrated in Plgure 32, whare tho puanneled boundaries includo tho
alveraft, froe=jots, and ground wall=jets,  The panelloed geometry ds dictated
by the user, who must {input the cornaer point coordlnatoes of each panel, Ex-
vept at boundary edges, vach corner polant s common to four adjacent panels,
The Ffour corner polnts which define a panel nead not be wxactly coplanar, he=
caude the program automntleal ly poenerates the flac panel having the loeast
gquare error at the corners,
Presaribed Neumann Boundary Conditions

2uro Normal Veloclity an Alreruft
Entrainmunt Normal Velocity on Jits

A

Froe Jl)t---/v‘

o | . \—WuIlJul

. ' ’ NUFUNIT TP
FIGURE 32
DOUGLAS NEUMANN PANEL MODELING
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Paneling a configuration is somewhuat of an art und requlres knowladgo of
basic procadural rules, The program allows o moximum of one thousand panels,
which will provide adequute aceuracy for typleal configurations, Panols
with large taper ratlos or hlgh aspect ratlos should be avolded whoere poss
albles  Greater panel denaley should be applied o reglons of strong prod-
sure pradient, typleally where surfncee curvature 1l highests  Thin geomotrios
require fneroaned panel densfty, and (L s fmportant Lhat pancl corner polints
ho aligned on oppodlte surfaces of o thin geometry,

Selection of the Douglas Naunaun program was predicated upon a careful
trade off of advantages and disadvantages, A desirable fanture of the program
In the fact that no small disturbance assumptlons are made, Therefora, the
prediction accuracy Ls limitaed only by the number of pancls} as this number
Tueroases without bounds, the cateulated numerfical seolution will approach thae
ernct analytlenl potential [low solutfon, The wide avceptance and oxtonsive
checkout by both industry and government personne! provide a dogree of con=
fldence {n the capabilitles and coding accuracy of the Douglas Neumann
method, Presently, an automatic geometry paneling routine is being de-
veloped by Douglas Alrcraft Company under contract to NASA Langley Rew
search Center, Upon completion, this routine can be coupled directly
with the existing program to provide a simplified user=orlented
package,

However, thare are two disadvantages to the Douglon Noeumann method that
roqulee rocognition, Tilrst, the computational expense tendw to {ncrease
with the cube of the number of panels N, while pradictlon accuracy only {ne-
creadan Llnearly with N, Thoerefore, prediction aceuraey tends to vary an
computational expenue to the third power. Sccond, numerical instabillities
can he gonoratoed {f the program s applied to thin 1ifting geomaetrlon be=
cagMe mource strength magnitudes become excesslvely lavge,  PFortunatuly,
work le tn progress to alleviate thede two shortcomlngs,

The higher ordor curves panel approach of Hoess (Referonce 18) will genors
ate prodivtion accuracles that vary as computational egponie Lo powor two
lnstead of power throe, and this approach {8 presently belng formulatod and
coded for the three=dlmensalonal program by Douglas Alveraft Company undoer
contract to NADG,

The thin surface anomaly can be elimbnoted by Incorporating the miid
source=doublot comblnat fon corvesponding Lo the elassieal Greents Llont ley
relationshlp (Reforence 19),  Mebonneld Abreeaft Company has mod {1 iod the
twos=d {mens fonal Douplas Neumann method by (mploment fng o rocently developod

Groen's Identlty formulation (Reforence 200, Tvpleal numerical results are
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preadented in Figure 33, where a aupercritical airfoil In incompressible flow
and 4° angle of attack was modeled by 40 punels. A conformal mapping solu=
tion by the method of Cathernll=8ells (Reference 21) provides o virtually
exact two=dimenslonal pressure disteibutlon for purposes of comparlson,  The
wmtherall=Sellys value of LHE coefficiont (CV, = (0,90%) way prescribed for
cich of throe panel methads to provent the possibility of arbitrary Kutta

cond ttlon Helectton elouding the comparison,  The conventlonal low order
Douglas Noumann solatton s ween to doviate stpniticantly from the evxact solu=
tion near the thin highly loaded trafling edge, Resortlng to the hilgher

order curved pancl apptoach with the Douglas Neumann program {8 soen to ime
prove, but net climinate the anomaly, However, using the Green's ddentlty
approach with the highor order curved pancls virtually eliminates the tratllng
wdge problem.  Furthermory, the Greon's ldentity solution 1s at lenst as
accurate as each of the other two panel solutions over the entlrve remainder

of the alrfoll surfaces MeDonnell Adreraft Company s presently under con=
teact to NASA Lanpley Rosoarch Conter to madify the throee=dimonsional Doug)as

Nutminn pregram to acenmmodate the Groen's (dentity formulacion,

Y 4%, 40PANELS

v x gt (Cthoiall - Saily)

-1,0 - O 0ouglus Neumann [Low Orde --—-{
A
o]

Douvglus Nagmann (High Ordig)
Grwsn'u idnntity (High Qrelm)

Cp
0u 8
0
0 02 N4 0.6 08 1.0
x/o 1
GEIE DANY Ad
FIQURE 33

SUPERCRITICAL AIRFOIL PRESSURE DISTRIBUTION

It s apparent that the shorteomtngs of the Douglas Neumonn theeo=d {nen-
Rlonal program should he balanced agalnst the facl that slpntfleant baproves

ments to the program are current v andor dovelapment , 14 ds thorofore reakon-
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able to select the conventional Douglaw Neumann program as the hasic poten=

tlal {low tool for this study, with the knowledwe that In “he future, the
Lmproveicotas being made under other independent studies can hoe merged to form
one highly floxible, efficleont, nnd accuratae potential low computer program,

402 Modifieurtons to Douglas Neumann Program

In order to factlitate the applleatlon of tho three=dimensfonal Douglns
Newmann program to typleal alreralt/Jet/ground interactlion problems, Lhe [lve
proyram wodd Fieattong to be diectunned below have bheon tmplementoed and tully
checbod outy These modlCleat fong fmpose minomial worktoad on the progran
user ant doopot lopaly any existing program capaht!leles,

Ad2el Oprton to Allow Arbltrary Neumann Boundary Conditions = 1a the

formlat fon and coddup for the exidatlog Dauglas Neumann program In Referonce
1o, flow tangency boundary conditlons are assumed to apply on all boundary

aur faced,  Sinco prescedbed entralnment normal veloelales on Jet boundaries
vialate thle restretetlon, It wd necossary to nodify the program to uceept an
arblteary peancribed value of noranl veloctey an Lhe boundary condition at

cach pones control potnty The eedifteat fon was accomptiahed In a4 fanhion such
that the wter noed prowctlbe values only ot geometrle sectlons velectod by

im amd the program will assume flow tangencey elruvhere,  “or example, on wolid
pdreraft surfaced no normal veloe ity values newd he mput sieee the perogram
will amslpn o 2ero value on Lhese punels automaticnliy,

A e Uptlon to Allow WikesPree Configuration = Tho existing program

wlwave assumes the presenee of o tralling vortex wake, characterintic of the
Flowf lold loduced by un alreeraft fn forwvard fllghts  For V0L alreraflt in
hover, the effects of wind gusts are uswid Ly 1o more wigntfieant than the
Jut=lnduced flowfiald, thereby invalldating the concopl of a trailing wake,
The program wasn therofore modified to accept elther the prasence or absupco
of o tratling vortex sheeot at the diseretiou ol the user,

40203 Simpliflod CGoometey Modification Optlon = 'The oxluting propram re=

quired geometric coordinates to be Input at the rate ol two polnts per card,
Thorolfore, {1 the user donired to make o toenltized peometry mod!iMleation he
with forced to add or deleto an wven numbor of polats or olse Tace the nrospect
of reponching input cards For evory uubreguent nelat (posslpl e weversl thons=
and values),  The program was thorefora moddfled to allow an arbiorary nig~
tare of eards oach having coordinates for aither one or Lwo polnta, The
mod L fod program now assumes vach card to have two polnbs anless o nen sere
value In placed Jn card column 70, at whieh time the program automatlcenlly

accepts Just the dostred shagle polat coordinates on Ui eard,
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4,2,4 Coordinate Tramsformution Optlon = The oxisting program anaumed

a1l geomotric panel coordinites to bo input in a common Carteslan coordinate

system.  Thorefore, 1f the usor desired to change an alrceraft attitude or

lecation with redpoct to o ground plane, vvery alreraft coordinate had to be

i recomputed by hand and repunched on cards. The eoordinate transformatlon

iy optim enables the aser to arbitrartly move an fndividaual peometry seet fon
such an o wing, Tunelage, or Jot withour disturbing the remainder of the
povmetry, Foroexample, the roliy pltely, and hetpht o the atreralt In Fipure
32 could easdly be changed with respect to the ground planc,

The transformatlon procedure consists of rotatlon first, translation gecs
ond, LU the panel Input coordinates of o section ure in the (x]. Yo ?'.l.) HYyH=
tem of Flgure 34, the program rotates the zoordlnates through Luler angles ¥,
then 0y, and finally ¢, where these anglew are arbitrary input valuwess  Nest,
the roented coordinates are translated by arbltrary lnput valuos Ax, Ay, and sz,

The fornulas relating the tnput coordinatea (xl. Yis zl) to the final trana=

formed coordinates (x, y, 2) follow,

¥
N
!l' Y 2' Yy 3
b S
AN
%

Axm Definition

Y4 Input Cooreinate Axes

%o Yo 29 Set 1 Plus @ Rotation ¢ About 2y
%3 Y3 13 Sat 2 Pluy a Rotation 0 Abaut 7]
X, ¥, 2 Set 3 Plus & Rotation b About xg

Reprasonts the Rotated Inpnt

o Coordinata Axes,
4y 2y arrroote.e

FIGURE 34
COORDINATE TRANSFORMATION OPTION: ROTATION

N B T G T TS ITT I e g W TR e T MO Gyt

|
: X ow AR + ijl + mYy + N % (68a)
v om Ay 4 szl + myY, + N7y (§8b)
§ l vow An 4 ?.’xl + m‘,,yl o+ Nyt (68¢)
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whoroe 21 @ cos Ocos ¥
m, = Bin ¢ 8in O con ¥ =~ coy & wln ¥
ny o= sin ¥ 8in & 4+ cos b oaln O cos ¥
L= con O ouin ¥
m, = cod & cod ¥+ aln ¥ sln b uin 0
n, = 8in b con ¥+ sln ¥ cod & oain 0
Voo mydn O
LIPS Ooaln
Ny = cos 0 cos ¢
The coordinate transformation optfon {8 of Limfted value for conventional
avvodynamic problems, but 18 egmential for V/STOL aerodynamics in which roll,
plteh, and pround helght are commonly voried parameters,

4,2,5 Modifled Mathod of Imnges Option = For the wolution to afreraft-

Jot ground interaction problems, the applicatlon of a method of lmages con-
cept penerates slgniflcant improvements {n both computational offletency and
prodictd m accuracy, This concept has heon implemented In the Douglas Neumann
Program as nn option desilgnated "Modified Mothod of Images'. Subject to the
nild restriction that all wall=jet panels lie in a common plane, the modified
method of fmages approach eliminates as unknowns thoe source strength donstitlos
on the wall panelda.  Because the computing time required to swolve n aystoen of
Lincar equations 48 proportionnl to the cube of the number of unknowns, even

a small reduction 1 unknowns will ba signlfleant for the lavge vumbor of
panels ussociated with V/S8TOL aerodynamics,

The banle geometry panelling for the modified method of images is L1luse
trated In Flgure 15, In addition to the aircraft, free=jet, and wall-jet
panell lng, the program will automatlicnally panel an lmage alrcraft and image
free=tet upon activation of the modified method of dmages options  The pro=
sence of the image panels violates no theoretlieal restvictions because thoy
do not Lle withln the actusl ifnviscld flowflelds  For cach unknown source
density on an alreraft or free=jot panely there ds an equal strenpgbh souree
duengity on the corresponding image panel, By aymmetry, the normal veloeity
Induced by the atreraft and free=jot pancels plud Lwipe pancla at any point
on the wall=jet will be {dentically zero, Therefore, the net normal velocity
on the wall=jet {8 attributable only to the freestream compopent plus the
component {nduced by the wall=jet source distributlonss  Under the remtrletion
thut the wall=jot panels are coplanar, this Tatter component can he shown to
bo exactly twlee the local wource denslty,  Since the et normal veloelty on
the wall=Jet fa preseribed ns a boundary condit ton Trom the known wall-~jet,
entralnment velocttloes, Lt 4s possible to dotermine the gource donaity dis-

[
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tribution on the wall=jet panels fnmedlatrely without soloiay for alreratt .ﬁ
% and free=}et source denslties. Therelore, the veloeity tleld Induced by i
% the wall=Jet can boe computed beforchand, The only rematning unknowns to k
; be solved are the source densltices on the alreraft pancely and free=jot ij
A panels where the known entralnment veloeltles 0 - ot of themselves detor- ¥
g mine the source densltics, The estra expense required Lo calealn Ang the ;
g Image panel Influcnce coolflelents is typleally Tasipnlt feant because t- h
t simple flowfleld formulay of Hess (Reference 10) are cmployved whenvever tae :
% distance to an Infloenced polnt {a satftietontly large compared to the In- W
é Muenceing panel dimensions. A sccondary advantage of the mod{ried method ;
1 of fmages is that the boundary conditions will be more nearly satisifed T
‘ between wall=jet panel control pointe than In the vonventlonal solution b

‘ approach, which s a consequence of the feot that svmmet ey cond it fons applv

ey

at all polnts tn the wall=)et tnstead of control points only,

Because the progrom allows mere Lhan one svimetey plane, the modit fed

method of images optlon does vot foree the uscr to panel both the right and

e 5t et s et

Jert=hand=gldes of o symmetrical afreratt above a wall-Jot

‘__
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4,3 Numerical Experiments with Douglas Neumann Program

Because provious applicatlions of the Douglas Neumann program to jet Intere

action problems have heen limlted, it was consildered benellelal to conduct a
dongitivicy study of Jet pancl modeling effects an caleulated solutlons,  Sueh
a study would roeveal basic user panelling rules and Indleate the proper
dogree of praedletion acceuracy versus panel density,

In seeordinee with the phitlosophy that the slmplest possible casge should
be used to fsolate mumericeal trends, a systematle panel stady was conducted
Vor an axisymmetrvic Joet exhausting trom an Infinfte flat wall,  Thig simple
ciage {8 especially attractive because both experimental data and an alternate
exact potential flow solution ate avutlable for the wall pressure distribu-
tion (Reference 22),

The basle panel model 18 {llustrated in Plgure 36, Untrainment normal
veloedtles conglstent with those of Reference 22 are preacribed on the Jet, and
flow tangency is presevibed along the flat wall, The entralnment normal velo-
clty dlstributlon, from Reference 22, Is Vg ® -.032 Vje for 0 < 4 < 6 Dj and
VN: -, 114 vV for 2 » 6 D,. The pressurc coefficlent {s defined as the nega-

Jo J

tlve of thu.squure of the ratio of local speed to V]G.
The objectlive of the study wasto determlne thelﬂensitivity of the caleu=
lated wall pregsure digtribuclon te systematie changes In the basic pancl
modeldng of Pigure 36, In that regard, Five separate pancl modelings were
eatablisheds  The first model bng was goneratod by removing the wall pancls of
the bagte setup of Flgure 36 and then adding an image Jot In accordince with
the method of fmages (Filgure 37a),  1lustrated Lo Flgure 37b are the second,
third, and fourth models,  The sceond model t8 simply the basic secup of
Figure 36, To demonstrate the effect of reduced pancl density, the third
model wuy created from the basle setup by o fifty percent reduction in pancl
donsglty bath on the Jet fn the axial direction and on the wall in the radial
direction away from the jet axls, The fourth model was estahl Lshod by extond-
tng the flat wall of the basice sctup tcross the Jet oxit, thereby of fectively
capping the Jets A total of elghty pancls (twenty per quartor view) wete
used to eap the Jet, and flow tungency boundary conditions were appliad to
vaccl such panel on the side facing the jou (x = 0+). The FLth model ropros
sents o et emanating from a wing of small, but finite thicknoss (Mlgure 37¢).
The panel ing was eatablddghoed by adding an uppor surface wall to the basle
setupy The wall upper surface pancl corner polnts project onte tiw jower
surlfoce cormur pofnts, i accordance with a basle pancel rule of less,  Flow
tangeney wis prescerlbed on both the upper and Tower surrace of the watl, tn

order to charvactorize a wling=type coniipurat lon,
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THREE PANEL MODELS OF AN AXISYMMETRIC JET EXHAUSTING
FROM A FLAT WALL

Colculated results for the wall pressure and dource density distribu-
tiony appear in Plgures 38 through 41, 0Of the flve panel models, the one
incorporating the method of images is of nececsslty the most accurate because
gymnettry guarantees the absence of leakage anywhere on the wall plane. A
comparison (Flgure 38) of the wall pressurce distributlon calceulated by the
Douglas Neumann program using the jet plus lmuge Jet punellng (Figurce 37a)
dumonstrates excellent agreement with both experimental and analytical values
from Reference 22, The analytic curve was obtained by assuming the Jet to
be a concentrated source fllament and then applyving the method of images,
Virtually all the discrepancy between the analyvtic curve and the caleulated
Donglaw Neumann values lg attributod to the approximatlions assocloted with
a finlto panel denslty.

Lrrors assoclated with the introduction of the flat wall puancls are
evident In Figure 39 for hoth the dense and wparsce pancling of Flgure 37b,
Caleulated pressures are quite good cxcept or the {ive or alx paneld closest
to the jJet. 1t 8 noted that within this regton, the aparse panels Intro-
duce approximately twice the relatlve error of the dense panels, whileh 18 a
copsequuencee of the faet that the low order approach ol the existing propran
penerates prodlotion accuracy that varlfes as the Myat power of panel don=

wity, However, the silmple technique of capping the jet ellminates most ot
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2 Exporiinantal Results (32,000~ Re € 53 ,800)

v Atiitiytic Husults for a Fiument Jut (Rof 8)
Douglos Neumann {Jat + Imuge Jet)
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FIGURE 38
PRESSURE DISTRIBUTION DUE TO AN AXISYMMETRIC JET
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FIGURE 39

; PRESSURE DISTRIBUTION DUE TO AN AXISYMMETRIC JET CALCULATED BY
. THE DOUGLAS NEUMMANN PROGRAM
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PRESSURE DISTRIBUTION DUE TO AN AXISYMMETRIC JET CALCULATED
BY THE DOUGLAS NEUMANN PROGRAM
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the problem, but at the «xpense of adding more panels. Corresponding to the
calculated pressure distribution of Flgure 39 are the calculated wall source
distributions of Flgure 40. The close agreement between the source distri=-
hutions ia expacted for a flat wall, ‘Ihe disagreement in pressure distributions
13 simply attributable to the neglect of source gradients on a panel, which

la obviousaly of increasing importance near the edge of the jet,

Flpure 41 domonstrates that the addition of the wall upper surtace
thickness impalrs the calculated pressure distribution within approximately
Five panel widths of the Jet edpe. Agaln, however, the results are good
outaide this range, '

1t 1w concluded that;

(1) The method of images should be used where posathle,

(2) Panel density should lnercase near the juncture of a Jet and solld

surface.

(1) Prediction accuracy is proportionnl to panel denslty.

(4) Wings with thickness require greater panel density than infinitu

flat walls.

(5) Jets should be capped with additionnl panels.

A complete user's manual for the modified Douglue Neumann program is
avallable (Reference 17), In avcordance with the user's manual instructions,
a four lift-jet VIOL attack aircraft in hover was panelled for the program.
The set=up Incorporated approximately one thousuand panels to model the left-
hand=gide of the alreraft/free-jet/wall=jet conflguration, Approximately
three man=wecks (120 hours) were required to complete the panclling, On
the IBM 360, the compulbing time for one complete solution was fifteen minutes.
Several values of free=strenm or cross=wind veloclity can be computed for a

fixed geometry at no significuant Increase in computing time,
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5. FOUNTAIN UPWASH TLUW CHARACTERIST1CS
The study of fountain flow charactaristles has concentrated on cases
where the jets are circulor, perpendicular to the ground plane, and of equal

thrust, In additiou, the pattern in which the nozzles are arranged has been
The exlstence of

usunlly assumed to posuess ot least one plane of symmetry,
one ot more planed of symmetry wimpiifieos the flowfleld geometry considerably, X
and leads to a better understanding of the fundamental fountain upwash proper- é
tios, For a configuration wheh two perpoendicular jets of equat thrust, cortaln ’
asgumptions about the flow turning process result in an analogy botween the

fountaln and a jet, Basie features of this analogy have been verified in a O
test program conducted in a parallel MCAIR TRAD effort, Based upon the two-

' Jet results, the analogy between fountains and jets has been extended to con= |

figurations with threoe and four pevpendicular Jets of equal thruat,
An Inftial, qualicative desmeription of the upwash in asymmetric two=jot b

fountains has been daveloped, and a plausible analogy butween the fountain ﬁ

and a conical flow has been postulated. A quantitative description of the flow- @:

. field i not possible at present, however, due to n lack of adequate data for i

F this type of three dimensional fountain,

5,1 Equlvalence Betweon Symmetric Two=Jet Fountalns ond Radinl Jets ;
The simplest pomsible [ountaln flow 18 that generated by the jet arrangement

fwo circular jets of equal diamoter and thrust dmpinge at

The jets are separated by a distance 8§ and located at an
The wall=Jots flow radially ontward from the impinge-

q ahown {n Flgure 42,
90° to the ground plane,
cquial hedght 1 from the ground,

g ment palnt bulow cach vertical jet, and separate alonyg the Thie AR to Form the .
: fountadn, Because of Aymmetry, the separation llne AB (W struight and Is located ﬁ
hnlfway between the jet Impingement polnta. The entire flowfleld, including tho '
fountain, is symmetric about plane o (and also about the plane contailning the
. 1oL conterlines). The radial lines emanating from the Impingement poluts 4
é ropresent the direction of flow In the axisymmetric wall=fets, Of1flow studies ;
i of Jet impingement patterns indicnte that as the separntion Hne AB ia npproached,
g the o1l flow 1lnes curve and become tangent to this Tine, but the reglon of curva-
? ture 1w 1imlted to the {mediate nelghborhood of the 1lne. At the line AW, the
i wall=jots turn and leave the surface, forming the fountain, The turning procuess {
2 ls ldealized as deplcted in the enlargement of the flow reglon around point T
§ { ghown in Flgure 42, The vectors 61 and GB arv veloctties in the wall=Jot profiles
| correspondling to jets 1 and 2, rmsﬁuutlvuly. These vectors have normal (subseript n) ?
and tangentlal (subscript t) components to the separation Line AR, 1t ia assumed ]
‘ 63
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FIGURE 42
IDEALIZED WALL JETS AND FOUNTAIN TURNING
Two Symmetric Jets

that in the turning process, the normal veloelty components Uy, and Uz, are
rotated to be perpendleular to the ground plane, and the tangential components
Uly and Uzt are unchanged. Thus, the angle 0 as dofined 1n Mgure 42 {n
preserved Ln the turning process.  With the exeeptlon of the Immediate nelgh-
horhood of the stangatlon 1ne, to a flest approximation the statie pressure in
thu fountaln {8 taken to he constant, Consvquently, streamlines In the fountain
are stralght, and the fountaln velocdty proflle romaing at un angle O to the
vertical, Thoe angle O s different for different points along AB, and the Flow 18
equlvatlent to what would be obtatned by folding the ground plane nlong the separa-
tion Iine AB, which causes the {mpingement poluts for Jots 1 and 2 to rotate by
90%,  This process s {llustrated {n Pigure 43, The flow In the fountaln would
then be anulogous to a radial flow originatdng from o virtual origin lecated at
a dldtance 8/2 below the ground plane, A radlal flow such as this mav be guenerated
by two opposing axiaymmetric jetys which fmplage upon cach othere Flows of this
type have been extensively studied In Referonce 8,

In order to vurlfy the postulated ananlogy boetween a symmet rical two=1ot
fountain and the flow 1n o radlal Yot, a test was conducted as part of o MCALR
[RAD program (Reforence 23), Propertiea of the fountian flowfleld were ITnvesti=

gated by means of flow visuallzation and {lowflold survevs with a tatal pressure
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FIGURE 43
EQUIVALENCE BETWEEN TWO-JET FOUNTAIN AND RADIAL JET

rake,  The results are compared to data obtained from pressure wurveys of an

axfsymmetric radial jet created by the implagement of two opposed, clrecular Jotw,
Tho apparatus consisted of a pair of 1,05 In, ID pipes, supplied with hiph pressure
alr. For the fountafn studies, the plpes wore arranged so that they {mpinged

at 90° to o ground hoard, as indicated in Figure 42, UOne value of H = 2.0clw
wan uked, and threea values of

§/d, = 3,81, 8, 12

Je

wera tedted, The total pressure in the plpes was varied hetween

Yo < 37 4n Hp
13« an « in Hg

An ofl film technique was used for flow visuallzation, A total pressure raku,
located perpendienlarly to the symmetry plane « {n Plpgure 42 wias used to Aurvey
the fountain velovlty distribution. The probes were aligned with the tocal
fountalin velocity, uging the flow visunlization vemults, To genernte a radial
Juetiy the plpes were allgned end-to=end, so that the jets Implnged on cach other.

ne value of the Jet spacing=-to-dlameter ratlo

Ax/d, = 0.5

le
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was teated, Total pipe pressures of 30 and 40 pal were tested. 'Total
preagure aurveys were conducted with tho rake perpendicular to the plane of
the jot, and thue probes were allpned with the radlal veloelty vector,

(See Figure 430)  Thoe output of the total pressure rake was read on water
manometors, and the pipe total pressures were road on mercury manometors,

Flpure 44 tadleates the test arrangement used for fountatn flow visual fza-=
tlon,  The plane of gymmet ry hetween the Jets was veplaced by o solild bhoard,
perpendicular to the ground board, A sheet ot paper was attached to the ground
and symmetry plune surfaces, An oil Fllm was bru§hed on the paper, and the
Jet was then turned on.  The resultant oll flow puttern la shown on the lowor
part of Figure 44, (after unfolding the shuet of paper)., 1t 1s evident that thu
o1l flow lines on the plane of symmetry are ntralght extenslons of the oll flow
lines on the ground plane, confirming the flow turning proceas deacribed in
Flgure 42, The il flow does Indicate a reglon of sweparation right at the corner
botween the twoe planes, but this reglon ls very small, Figure 44 shows the
results for S/d| = 8, Flgures 45 a and b indlcate o similar bhehavior for

8/d, = 12 and 6,

|
respuctively.  The photographs show that oll flow 1ines on the ground pline arc
allghtly curved. This (g due to the fact that {n the experimental wetup, the

ground plane was located vertically,

The oll flow data Indicated that there 1# a qualitative cquivalence botwoen
the flow in g saymmetric, two=jet Fountaln, and o radial flow orelptnatiog from a
virtual origin located at o distnace 8/2 below the ground plane, Measured veloclty
proflles will Now he cvompared to quantitatively verify the annlogy botween the
fountuin and a radinl jet,

Tha flret question to be investlgnted was whether the fountaln flow was
axlaymmetric about the virtual origin, 1or this purpose, fountain veloclty pro-
flies wore measured at constant values of the radltus R from the virtunl origin,
and different values of o, as indieated hy the skoteh In Plaure 46, The plots
in Flgure 46 are fountaln veloclity profiles, normalized by the fet exit veloelty
Vie and plotted v g (soe Mlgure 400 Baeh plot corrvespouds to o dIfforent
value of R, The curves Indlcate that fer o flxed value of Ry proflles at 0« §°
and 20° are in good agreement.  However, measurements at U = 40° show vondlstontly
hipghor velocdty proflles,  This would Indiceate that the fountain flow s not
axiuymmetrie about the virtual orlgln,  The result ta somewhat {nconelos!ive, however,

boevause all flow patterns on the ground hoard todieate that the Jots produeing the

fountaln are not gulte axisyvmmetrefe,
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Flgure 47 compares the fountain and radial jot velocley proflle shapes

at soveral values of the distance R from the fountain virtual orlgin, or rom g
the radial jot's axls of symmetry,  The velocitios are plotted v aimllarity %
{
!

variables,  That I4, at any given valoe of R the veloelties are normal fzed by

the mastmum velocelly at that value ot R oand the distance x Is normalfzed by
the distance Xpyg which the veloeity has decayed to ove half of Tts moxlmum

value., The deta show that the velocity profiles are approximately self-gimilar,

;
{
!

]
_ gince corretation is achioved for the fountain and jcer profiles, for different '%
‘ values of R and values of 0 up to 20°, 'The dotted curves in Figure 47 have been 3

obtained from a falring of the correlated radlal jzt data In Reference 8. The

plots {in Flgure 47 then indleate that the measured fountain velocidty profile 4
fv in go-d agreement with that for a radfal, axisymmetric jet. Sclf-similarity ?
ol the ferntatn veloeity profiles implies that its velocity field may be apecil- ]
fied by the half-velocity width XL/Z and the locual peak velocity, Vg, 1n addition }
to the profile shape.

t

flpgure 48 ghows the dependence of X2 on the distance R, for the radial
Jet and for the Foumtaln, The fountain data show that x1/2 grows linenarly
with Ry Independently of the Jet gpacing S/d1w and the pipe pressure Far the

radial jot, X/ also grows Toearly and is independent of plpe pressurc.,  'The

spreading rates for tne fountain and radial jet tested are quite differoent,

However, it has been shown in Reference 8 that the gpreading rate for a radinl

jet depends on the gpacing beotween the radially opposed nozale exit planes, Ax,.
Flpure 49 shows the sproading rate for radial Jets, as a functiea of (d\u/hx).

The curve {8 hasea on the data of Refevence 80 When Ax 18 large, the opposed

Jets develop as free=jets before they fmpinge upon cach other,  The supreading

rate of the resultant radial jet {8 then very bigh,  As Ax decereases the gpreading

rate decreazed, untdl oa point {s reached at which the sapace botween the jet exlt

e n e BT AT b kR et i A i i

planes beging Lo act as an anmalar nosale. With farther decreases In Ax, the
spreading rate beeqges adependent of Axe In keferonee B, Witae refers to this
type of radfial Jet as o Teonsiratned” radtal jets The indicated fountaln data

Fie falrly elose to the coustralned radial jet resulis from Referonce 8,

Fipuare 50 shows the decay of the vormal feed peak volocelty (Vm/\"m};). as a ;

function of distance trom the Ffountafn viectual cripin, or Jdistance from the radinl 1

‘ Jot axtu. The data correlate well tor different values of the pipe pre e z
The fountaln curves mecpe [nto the radial jot decav curves, but the value of {

A

V111/"ﬁ7‘: depends oo the Jer spacing, H_/‘H o Flpure S0 gugyeests that for different
ot spacinpgs 5, the fountabn mav have to be stuolatod by conntrained radial jets

of different Indtial radius R1I
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RADIAL JET AND FOUNTAIN VELOCITY PROFILES ?
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PEAK VELOCITY IN A FOUNTAIN, AND A SINGLE RADIAL JET

and radial jet data:

1 L}

4]‘

The flow 4n a symmetric two-jet fo

conclwslons reached from an analysls of the fountain

~ain may be regarded as a radial

flow from a virtual origin Jecated below the ground plane,

At constant radius from the virtual
profiles are approximitely equal at
vartical, but higher at 40° off the
in {nconcluaive because of possible

Fountain velocity distributions are

orlgln, the fountain velocity
anglea nf 0° and 20° from the
vertical., This result, however,
asymmetries Iin the jet nowzzleas,

Helf-~eimilar, and the shape 18 in

good agreemont with that for a rcadial jet,

Fountalu spreading rate {W independent of thoe jet spacing §, and Ly in

good agreement with that measured In Reference B for “"eonstrained" radfal

jets,

Poruntain velocetity decay s In reasonable agreoment with that for a radial

Jet, but the diameter of the equivalent annular nozzle used to generate

a radlal jet may depend on the spacing $.

[n wpite of some remalning uncertainties, the nanalogy between a symmetric

two-jot

by the data,
and, as described [n Section 6,

ment forces on the underside of an atrframne,

fountain and an axfaymmetric congtrained radial Jet has been substantiatoed

73

The analegy permits o defintftfon of the fountain upwash flowficld

feads to a method for predicting foutaln fmpfnpu=

Some generial concelusions ropgneding
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' the flow In three and four=jet symmetric fountains may nlso be drawn, and they are

discugsed [n the noxt section,

5,2 Fxtonsion of Two-Jet Fountain Results to Three and Four-Jet Gonflgurations

An Ldeatbzation of the flow turnifuy process whon two oqual axisymmetric

wall=fots mect to form a fountain has Ted to an analopy between the Fountaln and

a radial flow.  This cquivitbonce has heen substant ated by experiment. The same

G s s AT T SR

tdeal fzed flow turnlup process will now be used to deduee fountain configuratlons

for arvangements ol three and four perpendivualar Jers of vqual thrasto o Beeause

X of Lts greater simpliclty, a square arrangement of four lets will he discussed
Virat,

Pigure 51 La an ldealized skotch of the ground lnplngement process for
Along eanch

Four equal vertlcal jets at equal heights H from the ground plane,
of the 1lnes OA, 0%, 0C, and OD (n Figure 51, the wall-jets are turned such that
the angle 0 defined In Flgure 42 ls preserved. Therefore, the fountaln scegments
Unlike the two-

NP

generated above ench of these separation lines are radlal flows.
Jet case, however, these radial flows along vertleal planes will dmplnee upon each
other {n the nefgphborhood of the vertical line through the point 0. The radial
flows are turned once again (n this reglon, and a central fountain 18 formed

whode [low direction 1« expected to be primarily vertical, FExamination of

Pigure 51 shows that only a sector of the wall=)ots generated by jets 1 and 2

will contribute to the fountaln segment above the Line 0B, The rest will con-
tribute to the sepments formed above the Lines 0C and 0D, The analogy between

the four-jet fountaln and radial Yets may then be formulated as {ndlcated In

Flgure 52. The ground plane {8 "cut' along the diagonals OPI' OPE‘ oP .y, and OPa, b
and then folded along the lines 0A, 0B, 0C, and OD, such that four rad{al jets are
formed with origing at a digtance (8/2) below the pround plane., Note that for i

vach radial jet, only the sector

1=
vA
#n
=
-

{g rulevant, Undeed, only the sector (} a (1 = g) will contribute to a vertiea)

ey
S TS e

. fountain force. The four radlal Jets coalesce at point 0, forming the contra

——
[ipwe-ogl

fountaln, A flow pattern such a: that Indivated o Flgure 52 may bhe genoriatol

by four patrs of opposing axlsymmetrie jotw, provided that the radinl jets are g
provented Prom mixing untt] the polnt O s reached.
Figure 53 shows the tmpingement poirts for a rectangular arrangement of

four porpendicular Yets of equal thrust.  The cqulvalent arrangement of radial

Joty would o thila case bo developed by once agatn "eatting the ground plange

4

L ' ‘* Wy . " o : +
. v o PO 1 " =3 ] ,
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o FIGURE 63
% RECTANGULAR ARRANGEMENT OF FOUR EQUAL, PERPENDICULAR JETS
. along diagonals OP'J.‘ 01’2. 01.’.3 and OPA; and then folding the plane nlong symmetry
Lo lines OA, OB, 0C, and OD. The virtual origins for the OA and 0C fountaln
: sepments now lie at a distance (L/2) below the ground plane, and the oripgins
; for fountaln scgments OB and 0D are located at (8/2) below the ground plane,
i The relevant radial Jet scctors will now bed
!
!: i Fountain segmoents OA and OC: 012 Soe- r;
| 2
P Fountaln segments OB and OD: (JM 202 g
! where Uy, = tan™! (8/1)
, s .
;- TR P!
: Figure 54 deplets the fdealfzed flow pattern for throo vqual perpendlcoular
‘ Jets In an fsosveles triangle arranpement,  Throo fountaln sogments are generated
% : In this case! O0A, OB, and OC. Beecause of svametry, vhe fountain Hopment s
iE e along the perpendicular blscctors of the triongle sides. The virtual orlgin
L’ for the fountain segment OB s lovated at o distance (8/2) below the ground plone,
f
E_: and the virtual orfging for segments OA and 0C are locatoed at (L/2) below the
{. ground plane.  The equlvalent radfal Jetw arc now made up hy three paters ofF
Lo 76
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ISOSCELES TRIANGULAR ARRANGEMENT OF THREE EQUAL,
PERPENDICULAR JETS

LA IR
opposad Jets, with each palr contered about each of the virtual origina. The
relevant radial jet sectors are!

Fountain segments OA and 0C: (-)12 = o = g

14 !
Fountain segment OR: (-)23 -6 - 5

where from the geometry Jn Figure 54

1 .8 )

Gp el G

0 - coH_] (*(,L -0
23 20 12
Ag 1n the four-jet arrangements, a central fountaln {s formed above polnt 0,
where the three fountaln segments implnge on esch other,

Us lug the equivalence hetween fountain segments and radlal jfets, {t s
possible to compute the vertical momentum flux for various jet arrangements.
This will be done {n the next subsoactlon,

5.3 Normal Momentum Flux_ in lountaing

ppadii\y

The fountaln Impingement forie on the underslde of an alrframe 18 related
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to the total vertical momentum flux In the Fountain flow, and calculation of
this momentum flux provides a measure of the maximum fountain fmpingement force
avallable for a particular jet arrangement. The fountaln veloelty {8 not
vertieal, so Lt {8 {fmportant to take Into account the momentum flux components,
The analogy between fountain and stngle radlal Jets, or combinations ol vadlal
fets, poermits caleulatton of these compenents,
As discudsed In previous svetions, symmetrical two=Jet fountalng hive
boecn replaced by equivalent tadfal Jets. Fountaing for confipurat fons with
threce and four pevpendicular jetw of equal thrust have been dlivided Intu sogments
and each sepment related to the flow from an appropriate scctor of a radial jet.
Some of the fountoin gegments contaln portions of a central Fountaln, which has
heen taken to be equivalent to the low generated by the impingement of the
various radlal Jet sectors. COlven a group of twe to four vertical lets, the
enleulation of the resultant fountain vertical momentum flux requires the
following informatlont
1. A relation between the momentum flux of the vertlcal Jets and wall-
Jete which penerate tho fountain, and the radtal jets which have
replaced the fountaln,
2. Caleulatlon of the vertical momentum flux For the various radlal
Jet sectors which make up the fountain, and for any centrnl fountain
wvhich may have been created by the tmpingement of these sectors,
Ttem T is dlscussoed bolow, and (tem 2 Is the followlng subsection,
1t has been shown that when o circular jet {mpinges at 90° to a ground
plane, the total momentum flux la conserved, and at the boundary of the
"implngement zone'" In Figure 12, the total momentum Flug per unit aztuwuthal
angle 10 the wall=jet {8 equal to the total momentum flux per unit angle In
the free=jot, PFurthermore, 1t has been shown In Sectlon 2,73 that as the wall-
fets develop, the total momentium Flux per unlt angle remafns unchanged, indivating
thiat the viscous shear stregs on the grnundAplnnw doos not alpnitfieantly affoct
the wall=jet development, Tt will now be assumed that when two axlavametrice wall-
Jets implnge upon each othar and form o fountaln, the total momentum {lux per
unlt angle 1y also conacvved fn the turning process.  Sinee the fountaln combines
the momentum from the wall jets on cach side of {t, the total momentum Flux per
unlt angle {n the fomtafn will he equal to twice the momentum Flux pur unlt
angle fnoa stngle wall Jet. Sinee the fountain and cquivalent radial fet have

the swame momentum Flux, 1t follows (see Plpure 42) thuat {f

M|' - M“
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denote the momentum fluxes {n the vertical Jots, then

where MJR denotes the toral momentum lux in the radinl jet which replaces the
fountatn,  The Vlow Inoa fountain gegaent Ly in the radial directlon about the
sepment 's o virtual ordyptn, wo the avallable vertieal momentum lux Is only o
fraction of the total segment's momentum flux, The magnitude of this fraction
will be computed in the followlng subsection.

503,01 Tdeal Normal Mowentum Flux in a Fountain Segment - In Fipuroes

50, 53, and 94, the wall=jet's Flowtfleld has been subdlvided into an Inner

reglon and an outer reglon. The boundary between these 18 the polygon consgtructed
by connoect ing the jet fmpingement points.  Since the Yets are all perpendicular
and of equal thrust, each fountaln segment will form along the perpendicular
bisector of each slde of the polygon, Thus, one part of the fountnln segment Tlcos at
teast partially in the Inner reglon, and 1s denotoed the "inner reglon sector,"
The rest of the segnent lies In the outur reglon and 18 corrospendingly cnlled the
"outer reglon sector.”  The {nrer reglon sectors from differont jot palts wlld
Intersect to form one or more central fountalna.
The Jet arrangements will now be restricted to cases whore all {nner
reglon yectors Intevsecet within the {nner veglon,  The geownetries in Flgures 51,
53y and 54 all satiafy this condltion®  Flgure 55 ghows a case whore this {8 not so,
At central fountalus, the radial Jets almulating the vartfous seogments {mpinge
aon each othery  The vertleal momentum flux across a plance parallel to the ground,
located o distance z above the ground, will partly come from undisturbed portions
of the radlal Jets, and partly from the central fountaln or fountains. However,
for central fountalne which 1ie within the lnner regton, examinontion of Flpures

5 and 52 will reveal that there s no vertical momentum flux through the lateenl

arva of the laner repglons Consequently, the total vertienl momentum flux across
planes pacabtlel to the ground plane {8 Indepundent of 2, and can therefore be
computed at 2 = 0, That s, where the ground plane wan loented. At the plane

2 o= 0, Lt v assumed that the contral fountatin has not yet formed, and conroquentiy
the vertleal momentum flux {n the reglon may be calealared Trom the momentum distri-

button for the Iondividual radial Jot soctors,

Y OThis e not o derlous restrictlon, sinee modt practical deatpgns would sock to maxd-
mize the Tountadn's fmplogement foree by locating Uhe contral tountatn within the
fnner reglon, where T will usually tmpact on a preater afreeaft plantorm area.

19
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FIGURE 66
ISOSCELES TRIANGULAR ARRANGEMENT OF THREE EQUAL JETS WITH
FOUNTAIN SEGMENTS INTERSECTING OUTSIDE THE INNER REGION

Flgure 36 shows the wall jets and equivalent radlal jet sectors for one
segment of a multiple=jet fountaln, The fountaln vertical momentum In the lancr
region sector is caleculoted by computing the vertlenl momentum Flux In the radis!
Jet sector aubtonded by the 1ine 0A 1n Figure 56h, The fountaln vertical momentum
in the outer reglon {8 valeulated by computing the vertical momentum flux In tho
radial jet wector subtended by o Filnite value of y, and then letting vy approach
fnfintty.  The characterivtles of constrained radtal Jots described {n Reference 58
will be uscd to caleulate the vertlical momentum 1n the fountaln mector. For a
stedp of width dy, the momentum flux {n the z=directlon 1a plven by

4w
d?‘.iz - Dw2 dx dy (69)

whore w {s the radlal Jet velovlty In the s=dlvoction

w o \'R cor

where Voo Is the radlal Yot velocity Ion the R dircetion.  Equatlon (69) mav then be

writton as

HO
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WALL JETS AND EQUIVALENT RACIAL JET FOR A FOUNTAIN SEGMENT
. + m
sz w cos” 0 0\'R2 dx dy. (70)

From total momentum conservation In the radinl )et

+

v 2
M‘“{ w 20R Vi dx, R~ R (7))

- m

where, as before, M-’R {n the total momentum flux through the radial jot's
annular nozzle (of radius Rj)'
Consequently, Equation (70) may bu written ast

+

- R. Lag U y

sz 2 R dy
ginco y o R“ tan ¢,
and R”/R w Col U,

the total vortleal momentum [lux hocomoes sinply
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VL S )
. 7 |sin Op = nln 0, (12)

where Uy and op denote the Inlttal and floal Hmlts of Integration, respectlvely,

Referving to Figure 56, 1n the limit

i
‘ y o (J)F >-E?-,
F S0, for the total sector, the vertical momentum flux 1=
- V] S PR (73)
o 2 2 Hin 12] '

whaere qu 18 positlve

b Lt £

2
E The wimple result In Equation (73) may be used to calnulate the ddeal vertfcal
3 momentum Flux for the comblnation of radiol jot gectors which make up multiple=fot
4 fountalns,
} 50302 Tdeal Momentum Fluxes for Two, Thyee, and Four=let Fountalng, and
%* Optimum Arvapgements of Three and Four=lot Fountalns - For a two=jet fountoin, the
é ang le 919 in flgure 56 (8 u/2, and Lquation (73), then ylelds
;
3 R
R ] i
and since, ns shown boefore,
g Q, w 2M|
; R :
5 whuoro M, denotes the momentum lug for each one of the two Jets, 1t follows that
? ! the Ideal fountaln momentum Flux divided by the total Jet thruet will het
!
o LI 3 (74)
& EM,
]

An "optimum' throe or four=fet fountaln arrangement T4 conafdered to be
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one Tor which the total fountain vertleal momentum {4 maximum. The conditions

o &

under which this veceurs will bhe derived,

Considering first tho lsoscolus trilangular arrangement in Flgure 54 and

\“l

v: sumning the eadial et sector contributions using Egquatlon (79):

@ . . :

,v: S [T Mik,,. "Ik,

“ Mz SRR |sin ”I'). + 1] + Wy luin ()2.! + 1] + v Juln O + 1] (7%)

‘__- now Ez

o' M M . 2M -}

ﬁ 1 R } ,R | : 5
N 12 N f

Y . |

bi and M .« M fg

“g 2 i
f X N -‘
po where M‘ {8 the momentum [lux for a single vertleal Joet; and also, ‘.

F‘% ‘ :

&§ Oy = Oy ’

'4‘\' _ Equatlon (75) then becomes ‘
;“ L]

b‘. M 1

n el 1 . . 3 4 :
. M, 2 [uln 0y + 1] 4+ #sin oy (I

21

v

and dividing by the total vertleal jet momentumd

4%

e w Lo g o

T 12 + amin Ogn + 3. (76) g

“

From thoe esprensicoas for ”I , and “,).' Ineluded In Figure 54, those angles

doepead on the ratlo (8/1). Diftereatlat tng Equation (76) with rospect to (8/71)

~Neos

amd sotting the rosult equal to z2ero londs tod

X

L+ eon o dy -0
21, con a1, '

9 . L - NG
[2 cou Dy = vod (.)2,’| 465 [aip 21 d(sT0 [eon

-—

Erpanding the derfvatives Teads to the result that
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showing that the maximum ideal fountain momentum flux is achieved when the jats
are arranged In an equllatornl pattern,
Consldering the rectanpgular jet arrangement shown in Flgure 53 and summing

the radlal jet dector contributions using Equatlon (73), the total vertical

momentum {lux in the fountain becomes

" "
i . IRy, JRla

[ain 019 + 1] + [sin O,, + 1],

14

R

where peometri{cal symmetry has been taken into actount.

3 Using the relation between radial and vertical jet momentum fluxes,

the ahove may be written as:

W2y
AL

z [¢din ©

+ 5in O,, + 2

| 12 14 * 21

PR AT TR

Dividing agaln by the total momentum Flux of the vertical Jets

<4

")

,r—

+ 8in 0,, + 21.

iRt
1

i
n

' an 8in 0y, 14

and
2|
=

[

By finding the maximum value of this function, it 1is possible to show
that the maximum {deal fountain vertical momentum flux is achleved when the jets

are arranged in a square pattern.

o TUOGR RN T O T AT ety LT T el

Filgure 57 shows the ratio of ideal fountain vertical momentum flux to total
jet momentum flux, plotted against S/L, for two, three, and four-jet fountains.
The figure indicates that the variation with (5/1.) 1s very weak, so that
configurations whicu differ from the optimum equilat~ral triangular, or
quadrilateral square patterns wlll experience a very smpr'l reductica in fountain
vertical momentum flux.

5.4 Agymmetric 'lw.-Jet Fountains

The description «f two=-jet fountaln flowfields has s far been confined to

ST e e TS T O A TR e T AR

cases in which the two jets that generate the fountaine are perpendicular and have

e T

aqual thrust, 1In Flgure 58, this simplest jet urrangement 18 labeled 'configuration

ikl

A." A more complicated situation arises for conflguration B, I[n which the jets
; | are vectored as mirror Imapes, while their thrusts are still kept equal. 'The Tlow=-
fleld {8 still symmetric about the plane B, and consequently the fountain remains

planar and the fountain velocity profile is symmetric about B. The discussion of

B4
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ablique jet impingement in Section 2,2.3 har indicated that the free let impingement
atagnation point on the ground plane is displaced from the projected jet axis by
a distance ARI' Thus, the minimum distance between the jet Impingement polut and

the symmetry plane B is given by

§'/2 =8/2 - H tano,, + ARy

i
If it 18 once again assumed that in forming the fountaln, the wall~jets are turned
as if they were "folded" along the intersection between the plane g and the ground
plane, it follows that for configuration B the fountain flow 18 analogous to a

f
¥
!
\

| rudlal flow emanating from a virtual origin located at a diutance $'/2 below the
ground plane. Due to the asymmetric momentum distribution in tre wall-jet, howevur,
¢ the azimuthal momentum distribution in this fountain will differ from that for

E . configuration A. Assuming momeutum conservation in the turaing process, the
o azimuthal momentum distribution in the fountain may be calculated from the known
; momentum distribution in the wall-jets.

In Figure 58 configurations C and D are no longer symmetric, so that the
fountains no longer lle on a plane. e to a lack of data, 1t is impoasible
to specify the fountain flowfield with any certainty in these cases, but a
qualitative plcture of the fountain geometry has been cstablished. For confligura-
tion ¢, the "separation surface" (analogous to the plane B) is postulated tu be
conlical with the cone apex located below the ground planc., TFinure 59 depicte

the conical separation gurface originating from a hyperbolic ground separation

line. The cone semi-apex angle 1s denoted by a,, and the conc apex lies on the

z axis, at a distance z, below the origin, The fountain flow would then be conical,
with streamlines radiating from a virtual origin at the cone apex. A conical

T Ty

separation surface has several properties which make it plausible:
1, 'The intersection of the cone and ground plane is a hyperbola, and {t
will be shown that this {s compatible with the separation lines
caleulated in Section 3.2.2.
§ 2. With the fountain velocity vectors located approximately along

generatrices of the cone, the fountain streamlines are straight.
This is consistent with a constant pressure, frec turbulent tlow.

| 3, As the jet momenta ﬁF and éA become equal, the cone semi-apex angle can
approach n/2, and the planar radial flow postulated for configuration
A 18 recovered.

g Soction 3.2,2 has descrihed calculations of the wall-jet separation 1lnes

for a palr of vertical jets operating nt different thrusts. Results of thege
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FIGURE &8
FOUNTAIN GEOMETRY FOR PERPENDICULAR JETS OF UNEQUAL THRUST

calculatlions have been used to nbtain an expression for the asymptotic angle of
a hyperbolic fit to the separation lines, and thus *to the conical fountaln's semi-

apex angle, The points in Flgure 60a indicate the asymptotic angles measured from

thne exact numerical regults. The dotted line in the same Flgure shows that the

points are closely approximated by the expresslon

. /. 1/2
(1.56) (M, /M, .
AT . (78)

tan o = =
1 - (MA/MF)

The locatlon of the cone apex 2, may be obtained from the location of the
separatlon point P on the x axis of Figure 59. From the etagaation line

equations it may be shown that for two perpendicular jets!

(79)

R W e

L4 MM
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CONICAL FOUNTAIN SEMIAPEX ANGLES AS A FUNCTION OF
JET MOMENTUM RATIO
where
X o= 2x,/8
- From the geometry of Figure 59
50 = -;1 tan ao :
where a bar again denotes normalization by (S/2), and using Bquatlons (78) and
(79)
vow 172
(1.56) (M, /M)
{ — A ‘
o g, " - : T . (80) '
+ (MA/MF> by
j 4
| 4 plot of Equation (80) (s shown by the dotted line in Flgure 60D, Equation
’i (80) does not approach the correct 1limit I‘i
‘. " q

[
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FIGURE 80b
CONICAL FOUNTAIN APEX LOCATION AS A FUNCTION OF

JET MOMENTUM RATIO

7 =1
o]
as
(M, /M) + 1.

Adjusting constants in Equations (78) and (79) so that this condition is

satisfled yields the relations /
o 172
2 (M, /M)
tan o = ——t Lo

o - (81)
1l - (MA/MF)

. ] 1/2
2 (M, /M)
P Y A (82)

O [}
1+ (MA/MF)
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Fquations (81) and (82) are plotted as solid lines in Fipures 60a and SQb
respectively. For (ﬁA/ﬁF) > 0,5, Equation (81) still provides a good approxi~
mation to the computer program results., BEquations for the complete stagnation
1ine may now be written, .Chooslng the numerical constonts for the correct

| imiting behavior as (MA/MF) =+ 1, and for a good flt to the calculated results,

the equations are:

N P D -y, .
2 (M, /M) B ERSI V) L B :
§ Y B e 3 B I e (H'j ) “
' L= (M, /M) 1+ (M, /M) 4
f\; for 0.5 < (M, /M) < 1 3
g“ . . 1/2 ’ . 2 q/2 Al
P _ (1.56) (M, /M) - 1= (M, /My - [
! and y m — - A. E X - —-——-—.A-;M-L (34) ]
r 1= (/M) 1+ (M, /M) !
:
E‘ ’ . .
\ for 0 < (1,/M) ¢ 0.5,

These equations are compared to the computer program calculations in
Figure 61,
The above discussion has provided a plausible qualitative deacription of the
. fountain geometry for the case of twn jets of different thrust impinging per~
; pendicularly to a ground plane., In order to compute the force generated by such
an asymmetric fountuin on an airframe, data on fountain velocity profiles and
apreading rates are required. This information is not currently available.

£ M T S e P )

5'- Indeed, the whole description of tlils asymmetric fountain geometry is speculative

l at present, and requires experimental verification., When the jets have different

: thrust and are vectored at different angles (vonfiguration D in Figure 58) the
P pleture is complicated still further., It may still be possible to poastulate

a conical fountain flow for which conditlons vuary for each meridional angle.

The overall fountain geomstry might still be obtained by adjusting cone parameters
to fit calculated or measured values of the fountaln sc: avation line.
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6, FOUNTAIN IMPINGEMENT ON A FUSELAGE~-WING
A deseription of the fountain flowfields penerated by two to four cireular,

vertical jets of equal thrust impinging on a ground plane has heen gilven in
Sectlon 5. The total, ideal vertical momentum flux generated in such fountains
has also been calculated, This section describes how this vertical momentum E

flux 1s converted into a positive normal force when a fountaln strikes the air-

ooz e ek

frame undersurface. Tt has also been found that in addition to this positive

impingement force, the fountain induces a negative suckdown force, This force is

g

to be added to the suckdown forces gunerated by the free-jets and wall-jets, and ¢

Ils related to the fountain entrainment. An approximuate method to account for the

TR

fountain suckdowa force has been derived, and is also described in this Section,
In a parallel MCAIR IRAD effort, (Reference 23), an apparatus to simulate two

e

and four-jet fountain configurations was designed and fabricated, The forces pro-
duced on a representative alrcraft configuration by theee simulated fountains were
measured, The experimental forces have been compared tn the sum of predicted foun-

tain impingement and suckdown forces, and the results are described in this Section,

e g i

6,1 Iwo-Jet Fountain Impingement and Suckdown

In Section 5, the flow in the fountaln produced by two clrculavr, vertical jets
of equal thrust has been shown to be approximately equivalent to the flow in a con-
strained radial jet, This analogy will be used to calculate the pressures induced
by fountain impingement, and the terms "two=)et fountaln'" and “radial jet" will be
used interchangeably, Based on available data on the presaures generated by the g
impingement of two axisymmetric wall jets, a simple relationship hetween local jet b
dynamic pressure and the pressuie generated on the surface upon which the let
impacts has been obtained, This relationship is used to calculate the force generated
by the radial jet impingement on an airframe undersurface, The calculation of two=
Jet fountain suckdown forces is also discussed in this subsection. The simplaer case
of suckdown produced by a radial jet impinging on a rectangular wing is discussed
first, and the more complex case of a trapezoldal wing is discussed later,

6.1.1 Fountain Impingement Force - The constrained radial jet used to represent

the two-jet fountain is an axisymmetric, turbulent flow which spreads out from an

anmular nozzle and whose width grows linearly with distance from the nozzle radius

(See Reference 8 and Figure 48), Referring to Figures 42 and 43, the analogy between
radial jet and fountain implies that the radial jet development on each side of the
symmetry planc  is approximately equivalent to that of the corresponding wall jets
which merge to form the fountain, It has been postulated (and experimentally confirmed)
that when the wall-jets turn to form the fountain, the velocity components normal

to the plane of symmetry are rotated 90°, and the tangential components are unchanged, 3
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(See the enlarged sketch Ln Flgure 42), It lu postulatod thal tho sume

turning process occurs when the radial jet impinges on the underside of an alr-

craft planform, Flgure 62 depicts the impingement of a radiul jet on a rectangular
plate, for a completely symnetrical sltuation., The sectors ol the radlal st which

do not  Impinge on the plate are assumed to remawn andlaturbed,  Tho delleeted sector
ts fivst split along the Line [L, and then deflected such thut the local anple o

as defined tn Flpure 62 Is preserved In the turning process. The dlrection of the tlow

along the plate undersurtace would then bo ay Indicated {n the Flgure,

Undaf/nclorl
sf‘cro’

V"f'tu;,/
Figtin

FIGURE 682 AB11.0314-10

IDEALIZED RADIAL JET SPLITTING AND TURNING UPON
IMPINGEMENT ON A RECTANGULAR PLATE

6.1.1.1 Presauras Generated by Axisymmetric Wall=-Jets Impunging on fach Other -

It has baen assumed above that the turning process when two wall-jets meet at a plonc

of aymmetry to form a fountain is the same as that when each half of a radial Jjot
encounters the underside of an aircraft planform. Consequently, pressure data obtained
for the former case can he used to derive an expression for calculating pressures in

the latter case. For a symmetrical, two jet arrangement, Reference 24 contains measured
pressure dlstributions along a line which corresponds to the Intersection between tho
ground plane and the plane of symmetry (y axis in Figure 42). It has been possible

to relate the measured pressures to the peak velocity which would exlst at each polnt

P Iin the wall-jet, 1f the jet continued as a free wall-jet.
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Tha basic concept is that the pressure distribution caused by an impinging tur-

bulent flow can be caleulsted from tha undlsturbed dynamic pressure normal to tha
5.‘ sutface. Thus, the peak pressures generated when two wall=jets impinge on each other
: are voelated to the peak dynamlc pressurcs on the wall=jat proflles.

Referring once apain to Fipure 42, the wall-jats develop along the ground plane
1t essentially constunt stutle predsure, outside of replons In the fmmedlate nelghbor-
hood of tho tmpiapement points 1 and 2, Near the (v, #) plane of symmetry, the wall-
fets turn and form the fountain.  In this turning process, the pressure on the pround
plane increases, since the wall-jet [lows are retarded. The pressure reaches its max-
inum value along the y axle, and this maximum may he calculated by relating it to the
peak valoclty in the wall-jet profila, Um(r). Rasults in Reforencas 7 and 8 indicate
that for normal impingement of a round jet on & plane, tha peak velocity in the axis-
vmmetric wall jet far from the impingement point may be calculated from:

N U -1
' ] H ). ry
<"-j——-> < Y > (l-97)<”> (85"
Je e

whera! V“e = jat axit velocity
"H = nozzle haight above ground plane
RJe = nozzle axit radius

This equation holds for an established wall-jet far from the impingement point.
At a polnt P along the y axis where the radial wall-jets i{nteract (see Figure 42),

it {s postulated that the pressure 1w given by,

or pi
pm © P Um 2
C = - ¥ cos o
P Py =P, V

o} je

Substituting Equation (85)

R 2 -2
‘ - 2 (e r 2
: Cp (1.97) < M > ( m > con” @

and since
! A
cosd = 7%
and along che v axla
!
| ,

. . \ w; R e [ . . , .
h‘.”hm@mMmﬂmiﬁmNﬁaﬂamhMAﬂ‘hlMﬂ&MmmwMWmwmmm“mﬁ~tmwﬁMr<: b




this may be writtan in the form!
2 2
C = (1.97)° f——BigL——-7;7; (86)
P [(2y)® + °]

It must be noted that Bquation (86) 1y independent of the nozzle height H., Thls
concluslon 18 gupported by the data or Reference 24, Flgure 63 compares Equatlon(86)

to the data of Reference 24 for four values of the nozzle spacing §/D, « The apreement

joe
la very pood, except for the case

S/Dy b,

T thig instance, the nozzlas are probably go close together that the wall-jet has

not become fully established prior to the fountain formation.
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FIGURE 83
PEAK PRESSURE DISTRIBUTIONS BENEATH FOUNTAIN
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the basic assumption that the peak prassure generated by the lmpingement of two

radial wall jets 18 maqual to the normal component of the maximum dynamic pressure in

the wall jet has therefore been aubstantiated by the data,

6.1.1.2 Pressures Generated by Fountain Impingement on an Alrframe Under-

surface - Figure 64 illustrates a two-jet fountain, represented by a radial jet
with origin at a distance R0 below the {ndicated fuselage reference polnt, and
with initlal radius Rj‘ Tt 18 assumed that ambicent pressure acts on the planform
upper surface, [t 18 further assumed that those portions of the annular jet which
arec not blocked by the planform are unaltered, and do not in any way affect the
jet impingement force on the alrcraft. The net force on a strip of width dy will

then be:
x ()
L
sz - | (p - p,) dx] dy
X (v)
where X and X denote the upper and lower limits of integration. Replaclug the

aircraft by its planform, and equating the pressure difference to the .ormal component

of the jet dynamic pressure:
X, ()
ar, =& | (v, cos? 0) dx] dy (87)
xp ()

Since the radial jet haa a finliv width, the radial jet momentum is distributed in
a nelyghborhood of the plane x = X The crosshatched area in Filgure 64 represents
the "footprint "'of this reglon on the planform located at z = 0., It is assumed that
(for a configuration without stores or flaps), the pressure decays to ambient values
outside this footprint reglon. Consequently, the integration limits Xp and x, are
determined by cthe shape and location of the fountain footprint, aince the only non-
zero force contribution arises from the area common to the strip and footprint,
indicated by the double c¢vosshatching in Flgure 64,

The data of Reference 8 are used to analytically define the radial jet velocity
distribution, which then leads to an integral for the total fountain impingement
force, Letting Ax denote the total jet width, the data of Reference 8 have shown

that for a constrained radial jet:
b =K, R - R, (88

and from Figure 64:

2.1
Rw e 2 yht2,
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CALCULATION OF FOUNTAIN IMPINGEMENT FORCE !
then substituting in Equatlon (88):

/2 R .
ax L. U 217 0 =
& . g, jl 1+ /R - (89) ..
o] o} x

H)

For P.j/Rc << 1 the feotprint boundary 18 given by two hyperbolas which represent
the intersectlon between the conically shaped annular jet and the plane z = 0, The
constant Kt depends on the location of the annular jet boundary, which is presently
defined as that value of x for which the velocity has decayed to a specified fraction
of the peak value for the profile at that point. The data of Reference 8 indicate

. that for the half-valocity boundary {

Kt = 0,212
B and then,
Ax5 = (0.212) (R = Rj) (90)

This boundary is shown schematically irn Figure 64, 1t was felt that & greater fraction
of the velucity profile should be included, however, and the boundary at which
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v
= 0.01

<:|='z

max

was chogen., It is shown In Figure 8 that the self-similar radial jet veloclity profiles

are well represented by the universal function:

VR 2 X
Vm = gach® [(1.763) E] D

and this equation can be used to show that, 1f Ax* denotes the 99% velocity boundary:!

Ax* = (3,394) Ax5

which in Equation (89) results in:

1/2 R
-
R

6]

(92)

AR» 2
e (0.719) |1 + (/R ) ]

This equation permits calculation of the radial jet's footprint on the airframe
undersurface. Since the annular jet velocity profiles are self-similar, it is
advantugeous to write Equation (87) in similarity varlables. The equation is

first written as:

dF £y 2 '
-d—z- -2 y2 cosze f L (-—Y—) di
y 2 m Vm

ET'
where

' -
X =X
§ )

Normalizing the force by the total annular jet momentum flux

v 2
M, = 2 R, V A
3R Ty
and notmalizing all distances by RO:
34 2 t 2
o1 (Xm) cos g (’_‘e) f‘;L(K&) dz!
y A vy ax AR 2 Vs
T
and defining
X =%
= e (93)
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g;i-—%—; ('%) (-:5;’-)(%:-?) cnaze./el‘(;ﬁ) i (94)

Tt has been found in Reference 8 that the maximum velocity in the jet may be

represented by

1/2
v Ax,R
. wdd
vj (2.496) ﬁZR ~ Rj)l (95)
Using Equations (90) and (95) in "4)
dF R
4y L (0.660) Ro 2
whera
EL .
G = (VR/Vm) dg
bp

Using Equation (91) for the velocity profile, the function G may be integrated
explicitly. The result is

%
-1 I I
G = (1,763) tanh g% - 3 tanh™ g%
"
&1
where
Ev w (1,763) ¢
From the geometric relation
cosd w Ro 1
(yz + Ro2)1/2 (1 + ;2)1/2

the y-intagration may be written out. The final reasult for the fountain impingement

force is: -
. 8 y)
- 3
hEw = = tanh~gw]
- (0.374) [ [ran 3 - - .
F = i_ ~ - E*(y) dy (9/&)
z 2 (1 + y2)3/2 T
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and % = X

£ = (1.763) [~ 23 (97b)
5

In the limiting case of an infinitely large plane (E? + o0, S% > o, ¥y > =), it may

be shown that Equation (97a) reduces to

5 o, O3
Fz v an

and consequently the total impingament force coefficient on an infinite plane would

7
i
i

be
¢, = 2F ¥l (58
N z 2n )
.y This is half the value given by Hquation (74) showing that the normal force ;

? coefficlent generated on an infinite plane Ls one half of the total vertical
momantum flux in the fountain, Thia implies that there 1ia a vertical momentum
loss in the impingement process. The difference occurs because the normal dynamic

; pressure, rather than the normal momentum £lux has been couverted to normal force.
The dvnamic pressure leads to batter agreement with data and will be retained,
althous it is realized that it results in the above anomaly. ﬂ

Equations (97a and b) have been incorporated into a computer program to calculate '
the fountain impingement force. The alrcraft planform is subdivided into strips
of width Ay. At a given valua of L integrace . a limits (xT and xLﬁ at tha cunter-
line of each strip are determined from a drawing of the alvcraft planform and

R

fountaln footprint, analogous to tha plan view in Figura 64, Equation (97a) and the
fountain width distribution given by Equation (89) scale with Ro' 80 as Ro incroases,
the aircraft planform shrinks and a smaller section of the annular jat is captured, :
thus reducing the fountain impingement force, The integration limits are input to
the program, and the integral in Equation (97a) is calculated., For symmetric situ-
ations such as indicated in Figure 64, the vesuli may be multiplied by 2 to obtain

N the total impingement force. For an offset fountain where the axes of the opposed
jats do not coincide with the a-axis (y“1 = 0), the computations would bhe carried
out geparately for each side y > Y5 and y < Yo Tha hyperbolie functions in the

| integrand of Equation (974) remain constant for % > EW .99+ 8© the input can be

simplified by selecting the wing trailing edge (or leading edge) for the intepration ;

.99/ 21

( 6.1.2 Calculation of Fountain Suckdown Force = Examination of data obtatined i

limitr, whenevar their x coordlnates exceaed |Ax

from the test program to be described Ln Section 6.3.1 revenls that the caleulated
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fountain impingement force does not account for all the forces acting on the model,
Although the calculation predicts the shape of the normal force curve obtained as

the fountain impinges along different fuselage stations fairly well, the magnitude of
this force, and in some cases its sign, were incorrect, Furthermore, the calculated foun=
tain impingement force decreases as the distance R, hetween the virtual origin and the

alrframe (see Figure 64) increases, whereas the data revealed an opposite trend over

a considerable range of Rﬂ. The reason for this behavior la that the fountain induces
# suckdown force, ln addition to an impact force.

Figure 65 ahows a symmetric two=jet fountain impinging on a rectangular 3
plate, As before, the fountain has been replaced by an equivalent

i

radial jet, In thie instance, however, the radial et issues from

a slot cut In the ground plane, with the plate located at a haight H above this
plane. This slot {s shown in the sectlon view A=A, The radial jet and the flow
along the plate hottom entrain mass from the surrounding medium. Conslder a control

. P

v volume bounded by the plate lower surface, the projacted plate area on the ground
plane, aid the lataral area of the volume boundad hy these two areas, Continuity
requires that there be a net mass flux of axternal alr into this control volume, to
balance the mass flux entrained by turbulent portions of the flowfield. This influx

from the surrounding medium is responsible for reducing the pressura on the hottom

i B o it et

of the plate, and creating a suckdown forca.
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6.1,2.1 Fountain Suckdown Force four a Rectangular Plate ~ An approximate maans
of calculating the Ffountain suckdown forve has been devisad. The calculation 1o
carried out in two steps. The filret step estimates the total axcess mass flux in

the turbulent flow out of the control volume described in the previous paragraph.

B
i
i

L

The second step estimates the presaure in this control voluma by calculating the
Inflow veloclty for a one-dimensional flow which supplies the excess mass flow across
the control volume's laterul area.
To calculate the mass flow entrained by the turbulent flow, the flow turning
gaometry discumsad in Section 6.1 and depicted in Figure 62 is used. The flow
! direction on the plate bottom will than appear as shown in the plan view of Figure
65, 1t 18 assumed tihat after the radlal jat is split by impingement on the bottom
K of the plate, each half continuas to entrain as if it had not been turned. Con-
raquantly, the total mass flux antraincd on eact side of the radial jet's plana of
symmetry is the same as 1f the turning caused by impingement had never occutred. The
1 : total eaxcess mass flow out of the control volume is therafore calculated from a dia=-
i gram such am that shown in Figure 66, This diagram is obtained by "folding" the
plate planform along the fountain impingament line PQ in Figure 65, For the sym-
matric case in Figure 63, the diagram on both sides of tha fountain plane of symmetry
{4 the pame, If the fountaln impingad at a distance LN from the plate midchord, then
for x > Xg the plate upper adge in Flgurc 66 would be at:

L.
2 Ro * 2~ %
and for x * X the upper edge would lia at:

"c-’:" b4 .

z'-P'::-’-Z 0

To compute the net mags tlux entrained inte the contrul volums, it is necessary to

calculate the mass outflow normal to tha lines

AB, BC, and CD

and subtract from this,the masa influx across the line AD, Constrained radial jet
data ohtained in Reference 8 are usad to calculate this mass flow. Since the flow=
flald is symmatric, it is eamsier to work with the right hand side of Figure 66,

The net mass flow normal to the line OC is given by

. b/ ™ b/ ™
hy f f p‘ Vo cosd | dxdy - f pl Vi coas | dxdy (99)
! ’ s =R+ = z2m R =h
i 0 0 0 2 0 o 0
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and normal to the line CD:

f P sine] dxdz (100)
7
- h) o

The x-integrations can be cavried out uaing the self-similar properties of
the radlal jet velocity profile, and the data of Reference 8)

7] [+ v
. L .
f"n dr = (Vy A%g) f(vm) d(AxQ) v
o o i

Using Fquation (91) to represent the correlated velocity profile, this bacomes

, 2 X
'/; Ve dx = (v AAS)[ sech [(1.763)(2\-}“;)] d(Azs)

s




and carrying out the integration, the result is:

@

Vm Ax5
_/ Y dx " TTEn)

Q

In Reference 8 Witze has shown that the rudial jet half-velocity thickness grows
as

Axs = (0.212) R = Rj) R (101)

and the puak velocity decays an:

Ax, R

- e I
V, = (2.496) V, o Fre— o (102)

where Vj - annular jet velocity
RJ - radius of annular jat nozele .
ij = width of annular jet nozzle
Then, using Equationa (101) and (102)

[R =R
= (0.37 ——
By Vi = (0.5291) V,ybx, R = (103)

For simplicity, it is zssumed that R »> RJ. 8o that with Equation (103), the
velocity intagral becomes!

L]

From Flgure 66

R, + c/2
cogd = —— (105)
‘/(Ro + Yy
or
R, = H (106)

cosh =

2 2
{(ao-u) ,y
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Substituting Rquationa (104) and (105) or (1.063) into (99)t
b/2

b/2
. { : _ d
h, = (0.300) (pV )‘/Ax R, IR+ EA.)/ L e - (R - W) L2
1 i ) o 2 ¢, 2 2 0 Y3
t : ‘ﬁﬁu + 2) +y / '{ (RU ) +y

and carrying out the integrations:

( 2
- <] b/2 bl2
:hl (0.300) ij ij R, : (RD + g ) -Rn[ (E-—-_{_ c./2) ‘V(p::‘,{:‘c ) + 1 ]

2
= (kg = H) "“t(”ih%‘ﬁ‘) ‘/(k“"éz‘ﬁ"‘)z i1 ]} (107)
Q [o]

To carry out the integration in Equation (100), note that

#ing = hl2 .

+ (b/2)

Using this relation, in addition to Equation (104), Equation (100) may be integrated
explicitly, and the rasult is:

‘(R + c/2) + \/(R +2) + (b/2)

. = (0,300) pV '
2 ?(R “H) + ﬁ C W2+ (5/2)2

Ax

—
(X1
—

\

j g. (108)

Combining Equations (107) and (108), the total excvess mass flux out of one quarter
of the control volume 1s:

d& « (0.,300) pvj‘/ij Rj K (109)

Py
4

where

c
k= @+ *“[(R o) \/(—J“T i ] (119

106

|




2 -

- (R~ H) 4n [(-w‘zf-g—f—-) +‘/(~—£Q----) +1 ] + E

0 R ~H R =1l
0 o ). 1

b

< 2 2 y
1 R, + 5+ Y&+ /D /) :
+ 28 9 “....9..._.____.. e ] g . .'

5 , : !

- (R, = H) + {(R - W+ (b/2)° .

° © 4

.M

!

Refercving to Figura 63, it 18 assumed that a one-dimensional flow across one quarter :‘g

of tha control volume's lateral area mupplies this excess mass flow, 80 ﬂ

: mTL = oV, AL3 (111) .
. 4 B "
whare ]

AL (9"“5—*-) H, (112) |

1 \ 2 3

4 '.

Assuming ambient pressure acts on tha plate upper surface, the suckdown force -

E.

will be given by B

' Foom(py =1 A, (113) 4
1 L X

4 4 \
whaere f[

be b

A - - :‘

oo

4 ;

4

ond

-2y 2 : -

powp, -2V (114)

§ Using Equation (111), the suckdown force then bYecomes 3
) i
2 3

th A ]

..l 7 v

P T SMA e

L p A !

| 4 L1/4 3
Substltuting from Kquation (109): é

| {
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5
3

A
Foomom (0,045)  M1/4 o vJ2 (8, Ry) k2] (115)
; |
‘174

Tha total suckdown force is glven by

o= 4R
8 1/4

Defining a force coefficient by normalizing by the total radial jot momentum
flux:

¥

C = 8 (116)
® apow, AwV,°
37
and substituting for F.
A p
C_ = - (0,0286) Mi/4 K
n "
AL
1/4
Substltutlng for the planform and lataral area
c, = -(0.0286) [—DRE—on | 2 (117)
(b+e¢)"H

wheve K has been given in Equatlon (110), The following case han been calculated.

h = 20 in

¢ w8 in
(R0 -H) =2 in
R =4 =9 in

Foi the case where the fountain impilnges at midchord, the results are shown in
Figure 67, The fountain suckdown force calculated according to the above equationa
{8 shown, The force is negative and increases towards zero aa Ro increasan, The
fountaln {mpingement force calculated by the mathod detalled in Section 6.1.1,2

le also ahown, This force is positive and decreases in magnitude as Ro incrennus,
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‘a

The regult of summing the two effacts ifs a poaitive force which initirlly increases
with Ry, and then decreanes as the negative suckdown contribution approaches zeron,

ad ~

In the fountain suckdown calculation, the radial jet thicluiess has not been

"__-“—,«_2 He -,;—_ Ry A

taken into account, and the radial )at "footprint" har not bran consldered, as waa
done for the impingement force. Turthermore, it has been amsumed that the ambient
alr influx occurs acroms the entire lateral area of the control volume, In reality,
part of this area is occupled by the turbulent flow, While rufine.

ments to the method to take account of theme factors could be developed, the main

-

ohjective has bean to cobtain approximate answers that yield the correct trends.
6.1..2,2 Fountain Suckdown Forco for o Trapezoidal Wing - Figure (B shows the
geomatry ralevant to the calculation of the fountain suckdown force fov a trapezoidal

wing, In the sketch of the wing geomatry, the radiul jet representing the fowntain
18 shown to lmpinge at a dlstance X, from the origin, As in the rectangular plate
cnsa, the mass flow diagrams are obtained by '"folding' the winyg planform aleng tha
Intersection line with the fountaln plane of symmetry., ‘The oxcess mass fluw out of
the control volume hounded by the wing undersurface, {ts projection on the ground
plane, and the lateral area between these surfaces, s calculatud from the mass flow
dingrams 6Ba and 6Bb, Figure 68a Indicates the geometry for x » Xy In this case,

the mass outflow le caleculated from one-half of the radinl Jet nass flow acrows the
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boundary A'B'C'D'E'F'G'H', and the inflow across the boundary A'H' is subtracted out.
Note that the shaded aveas in Figure 68b do not contribute to fountain entrainment,
since according to the assumed radial jet impingement process (Figure 62), these areas
are not wetted hy the flow,

The calculations proceed as in the rectangular plate case, except for the outflow
at the swept wing leading cdge. Referring to Flgure 68a, the mass outflow across

tite line CD 1s glven by,

8 o
L -f f pVR coa (y-0) dxds
) o

Since d8 cos y = dy
Ye o
. f f cos (y~-0)  dxdy (118)
m = pv, —
e R coB Y
) 0

Using Equation (104) for the x integrationt

Ve
- cos (y-=8)
n"a‘a (0.2300) ij ‘}ij Rj / cos ¥ dy (119)
o)

The equation describing the swept leading edge is:
z= - (tan y) y + (Rc + xt) ' (120)
Consequeritly, along the leading edge

- Yy o+ +ox)
(tan v) vy (R + x,)

(

cos 8 = n (121a)
ffecan vy = g+ 507 42 27
and
ats 6 = x 210
{[(nan Y) y - (RO + xc)]“ +y }
Expanding the cosine term in Equation (118) and uslng Equations (121)
, y
he = (0.300) oV, 4/ 8%, R "R+ ) / f -
m, = Ny . " /
e N e T [y )]/
0 lcosz'f - 2tany (Ro + xt) y + (R0 + xt)
111
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and carrying out the integration:

ﬁe = (0,300) ij ‘/ij Rj K (122)

where

l\l w (Ro + xt) cos y 4n

) | ) )

ij giny cos vy (Ro T xt) +lyf - 2 giny cos v (RO + xt) Yr
2 .

( cos”y (RO + xt) (L = s8in v)

1/2
+ coazy (Ro + xt)z

(123a)

und Ve = :; (123b)
any '

Equations (122) and (123), in addition to mass outflow and inflow results
along the other boundaries indicated in Figure 68, have been used to calculate
the suckdown force due to radlal jet impingement on the undersurface of a trape-
zoidal wing planform., The results are presented in Section 6,3, where they are
compared to data from the fountain impingement test program described therein.

The methods for ealculating fountain impingement and suckdown forces for two-
jet symmetrical fuuntainrs have been extended to multiple-jet fountain configurations.
The general technique, and its application to a four-jet fountuain configuration,
are detailed in the next Sectlon,

6,2 Multiple-Jet Fountain Impingement and Suckdown
As discussed in Section 5.,3,1, the varlous fountain segments which make up

Hy

three or four-jet fountaln configurations are subdivided into "inner region sectors"
and "outer region sectors". The inner region sectors interact to form a central
fountain, which 18 not currently well defined, However, it has been argued in

Section 5,3.1 that in the inner reglon, the total vertical momentum flux across planes
patallel to the ground plane nust be conserved, provided the -entral fountain is
confined to the inner reglon. When calculating a multiple-jet fountain impingement
force, it i8¢ necessary to congider the footprint of the inner and outer fountailn
sectors on the alrcraft planform. Because of conservation of vertical momentum in

the inner reglon, as long as the inner reglion footprint lies wholly within the ailr-
craft planform, the fountain impingement force due to the inner region sgegments will
be independent of heipght above the ground plane, The outer regiou esectors will behave
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as in the two-jet fountain case, contributing a decreasing amount to thé impingement
force as the ailreraft helght above the ground plane incraasas.
The calculation of fountain suckdown forces for multiple-jet configurations is

greatly complicated by the presence of a central fountain and interactlon between

various fountaln segments after they impinge on the airframe undersurface. For
example, Flgure 69 depicts an idealized flow pattern caused by impingement of a
four-jet fountain on the undersurface of a square plate, The planes of symmetry

of the four radial jets whlch represent the fountain intersect the plate along the
linea OA, OB, OC, and OD. The segments 0012, 0023. 003&‘ and 0041 correspond to
the inner sectors, and the square P1P2P3P4 defines the inner region. The idealized

l?: .
[
I
4
33
¥
¥

Co turning process illustrated in Figure 62 ylelds the streamline pattern depicted by
: ' the dotted lines in Figure 69, This overall pattern has been highly idealized,
f ‘ for the following reasons: :
i ' 1, In the neighborhood of the point 0, central fountain impingement occurs, f
; % leading to an unknown streamline pattern, g
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2, Along the diagonal OPy, OPy, OP4, and OP,, tha flows along the plate
undersurface interact with each cther,
The central fountain and the flow near diagonals OPy, OPy, OPj5, and 0P
may well davelop as turbulent flows with entrainmont charactoristics which
differ from those for the radial jets which generate them., These entrain-
ment characteristics are completely unknown, so for computational purposes,
the followlng asaumption will he made:

o The central fountaln and the flows generated by interaction of flows along

the plate undergurface do not entrain any excess ambient air.
Vith the above assumption, the raDial {et antrainment rate is assumed to eximt
along each one of the sectors BOPl, BOPZ. etc,

Four-jet fountain impingement and suckdown forces have been calculated for the
configurations in the program detailed in Section 6,3, A description of these
calculations 18 included in the sections following.

6.,2.1 Calculation of Four-Jet Fountain Impingement Force - Figure 70 shows the

planform of the model tested in the fountain impingment experiment described in
Section 6.3, and a {ront view of the modal orientation relative to two of Lthe four
radial jets which simulate the fountain., The planas of symmetrv of the four radial
Jetd intersect the plane of the model planform along lines QOA, OB, OC, and OD. The
elght-inch square defined by the radial jet centerlines bounds the lnner ragion.
For the cases calculated the inlet reglon center lics directly below the model
reference point., Calculatlons have been carried out for varying values of Ro

Ro - 5' 6’ 7. B.nd 8 t“chas []

In Figure 70, the dnner and outer region radial jet sectors are shown by different

crosshatching., "he

R/Vmax = 0.0l

footprint defined in Section 6,1,1,2 is shown, TFor the outer region secters, the

v

impingement force is caleulated hy rhe method outlined in Section 6,1.1.2, For the
inner reglon sectors, it is assumed that the entire inuner regilon fcotpriut is cap=
tured by the planform. Consequently, the conservation of tetal vertical mowentum

[lux,discussed in Sectilon 6.2, permits calculatlion of the ilnner region Impingement

force, without requiring detalled knowledme of the central fountain's Flowfield.
The inner region force 18 equated to one-half of the vertical momentum flux

in the inner jet sector, computed at z = §/2 (see the sketch in Flgure 70). From
Equation (73) in Section 5.3.1, the force transmitted by each of the inner reglon

gectors is:
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szi MJRi
- sin 0 (124)

Fp =77 "% 12 .
Ly

For a square jec arrangement, 0]2 = n/4y go for all four inner reglon mectors,
since the Jet radial momentum fluxey are all equal: ;
Fay “ 4P = (0.225) M (125)
total z, jR
i
The total fountain impingement force is than calculated as follows:

= th:tal - FzI * 2szin ¥ sz * Fz ;
- . total g orward aft 1
- !
5 f where ;
\ : Fz - normal force induced on one wing panel by the fountain outer .
% wing sectot, j
\ f
o forward- impingement force induced on forward fuselage by outetr sector 1
J ': anft -~ impingement force induced on aft fuselaga by ocuter sector, ;

The implngement normal force coefficient im then defined as follows: 5

F
c Ztotal
NI 4N (126)

I

ST TTC bRt i e

This normal force coefficlent 18 combined with a suckdown force coefficlent tc
The calculation of fountain suckdown i

b i i

obtain the total force acting on the model,

forces 1s outlined in the next Section,
6,2,2 Caleculation of Four-Jat Fountain Suckdown Force - Figure 71 shows the

" Tae | ———

e o

idealized flow pattern created whan a four«jet fountain strikes the undersurface ;
of a trapezoidal wing planform. The wing dimensions correspond to the theoretical ;

T e ey T

planform of the model tested in the fountain impingement experiment dascribed in
For simplicity, the presence of the fuselage is neglected in these

Figure 71 showa one~half of the flow pattern derived for the square
The innev i

Section 6.3,

computations.,
plate case in Figure 69, superimposed on the trapezoidal wing planform.

region 18 defined by the 8 in. square, Aa described in Section 62, it i~ assumed

that the ceatral fountain and the flow interactions near lines OB, OD, OF and OH
Consequently, these linee constitute boundaries %

T e e Y, e

do not entrain any additional flow.
at which the total entrained mass flow 1s to be computed.
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F'GURE 71 aP?7.0274.49 ’
IDEALIZED FLOW DIRECTIONS ON TRAPEZOIDAL WING UNDERSURFACE A
AFTER FOUR-JET FOUNTAIN IMPINGEMENT 1

Fountain mass flow diagrams analogous to those shown for two~jet fountain suck~

down in Figures §6 and 68 are set up. In this case, however, the wing planform

is to be "folded" about the two lines, AOE and GOC. The fold along AOE is performed

) to calculate the entrainment from the fore and aft radial jets, whome planes of

a symmetry go through this lines The fold along GOC is performed to calculate the
entrainment from the left and vight radial jets, whuse planes of symmetry go through S
this line, Figure 72 indicates the mass flow diagrams in the %=z plane, with the q
wing planform folded along AOE, The ground plane is locatad at a distance H below

‘L the model. For the ruglon locutad at

x>0,
X the entrained masa flow 18 computed as follows: 1
) Entrained mass flow = Mass outflow ot A'ABOO' - Mass inflow at A'Q’ ;
For the region located at 5
: x <0 h

ntrained mass flow = Mass outflow at O'ODEE' - Mass inflow at 0'L'
These masa fluxes are calculated by formulae analogous to those used for single 2
l radial jets striking rectangular and trapezoldal wings, #s described iu Section 6.1.2. 1
The suckdown forces acting on each portion of the wing are eslculated by requiving

1
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MASS FLOW DIAGRAM IN x-z PLANE

an inflow velocity across sach lateral area to supply the entrained mass {low, :.
and relating the velocity to a predsure as described in Sectiun 6.,1,2. The calculations '
assoclated with Figure 72 permit an estimate of suckdown forces for wing area segments

ABO, ODE (mes Figure 71), and their mirror images AHO and OFE. To calculate the

rest of the suckdown force, the mags flow dlagrams in Figure 73 are used. For one

half of the saction at

R Ao e A S

x>0
. Entrained mass flow = Mass outflow at 0'0BCC' - Mass inflow at 0'C’

} and for one half of the asection at x < (O

K Entrainod mass £flow = Mass outflow at 0'0ODD" CC! - Masas inflow at 0'C'

Note that (as 1s the single radial jet case), part of the wing area is not waetted

by the impinged flow, and may then be left out of the caleculation. The calculatlons

agsoclated with Figure 73 permit an estimate of guckdown forces for wing area seg-
ments OBC and CD'DO (see Figure 71); and for their mirror images OHG and GF'FO,

|

After che lengthy computations descrihed above are completed, the suckdown
forces for each part of the wing atrea are summed, and a total suckdown force

&1 coafficient is calculated., The results obtained are compared to data in Sectlon 6.3,
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6.3 Comparison of Pradicted and Experimental Fountain Forces _

At part of tha MCAIR IKAD program described in Rererence 23, a fountain pgener=
ator was designad and fabricated. This apparatus 18 capable of siwulating the
fountaln generated by a palr of eclreular, perpendlcular jets of equal thrust, or
by four circular perpendicular lets of equal thrust arrsnged in a gquare pattern,
The slmulated fountalns were allowed to impinge un a representative alreralt moacl,
and the torces and moments Induced on the model were measured by a sli-compunent
strain gauge balance, After &4 brief description of the apparatus and tast setup,
measurad normal forces are compared to the results predicted using the methods
described above.

6.3.1 Pountain Impingement Test Apparatus = The fountuln yenerator deslgn wus
based upon the analogy between a symmetric two-jet fountain and a radlal jet, and
the postulated equivalence between multiple-jet fountains and combinations of radial
jeta. The fountaln generator was used to isolate the fountain forces frown the free
and wall Jet suckdown forces which would exist if the entire flowfield were simu=
lated at once. Figure 74 is a schematlr of the founcain genarator assembly. Four

pipes are supplied with high pressure air from an existing facllity. Each pipe
discharges into one of four plenums, which are equipped with porous plates and screans
to smooth the flow, FEach plenum gsupplies twoe nozzles. Tha four plenums and eight
nozzlas are arranged in a square pattern, creating four annular nozzles through which
the ailr exhausts, forming four aunular jets. To simulate two=jet fountains, three
of the annular nozzles were capped. To simulate four jet fountalns ali the nozzles
were operatad., As explained in Section 5, only a fraction of each annular jet's mass
flux should contribute to the four-jet fountain, Consequently, a detachable surface
in the shape of a pyramid was used to split the annular jets when simulating a four-
jet fountain, as indicated in Figure 74, The forces and moments produced by the
simulated fountain impingement on a wing-fuselage model were measured by an internal
six-component straln gauge balance. During the first phase of the test program,
a total pressure rake was used to probe the Jet flowtields. Figure 75 ahows the
overall test arrangement, including the fountaln generator, model, raka, and
support structures. The modal could be translated in three directions relative
to the fixed fountain generator, and rotated about all three axes, High and low
wing configurations were tested, with and without trailing edge flaps und wimulated
underwing stores.

6.3.2 Comparison of Two-Jet Fountain Raesults - An examination of the data ob-

tained from this test program soon revealed the necessity to include a fountaln
suckdown force, For a single radial jet, Figure 76 compares some test results to
4 cdalculation of the fountaln impingement force carried out by the method described

in Section 6.1,1,2, For the cases shown, a single radial et {mpinged upon a clean,
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FOUNTAIN IMPINGEMENT TEST APPARATLIS

122

. . o
M MM&M&&M%!MM,M#:;..:..V-.'.',.-,':-_..‘.. Y LU B

o e i



0.16
z >: 0.12
W 3
:’Z R, @in
b ,
f 0.08
4 -
F
E _ 0.04
b ».g “
E' !
i g — 2
3 = ﬂ
~0.04 | | ] 1 fa
[ -8 -4 0 4 8 -8 4 0 4 8 e
: %g I g *in }.
KW
12
' 0.16 ;4
Annular FN ‘
Ja( .'--‘
) Symrnetry CN= = 5
2z | > 012 Plang e mlvl l
1} .E S B I ‘..‘
F — =P i,
., 008 ~44 '
: NS
i' £ 4710
] 3
g 004 -4
s -8
k]
5
Vi - ft/sec
A no
-0.04 O 800
i Data O 830
‘ X, - In. O an

GPr17 0374 88

FIGURE 78
CALCULATED JET IMPINGEMENT FORCE COMPARED TO MCAIR IRAD TEST DATA
i SINGLE ANNULAR JET, LOW WING
- (NEGLECTING FOUNTAIN SUCKDOWN)

123

1 ) i law, . . ' )
&&MM&M&MWwWﬂ.M%MMQM:ééf.kx SR e A

ey, .

cesvaisen i




LR Y A" S S A v T wL e e e s . .

low wing model conflguration, with the plane of the annular nozzle oriented perpendi-
cularly to the model plahe of symmetry, This arranpement simulataes the fountain

for a two~lift~fet aircraft with the Jety wountod In the fugelage. Tha curves
indicate the variation in normal force coefficient as the Jet implnpes at different
atatfond alony the axls. As before, the normal force coeffleient s defined as:

v a Normud foree on model
N Amular Jet momentum {lux

For the four jet exit velocltles tested, the results Indleate that fadrly good data
correlation ls obtained using this coefflciant, Fach one of the graphs corresponds
to a different value of the distance (Ro) bhetwaen the nozzle centerline and the
reference polnt on the Lottom of the fuselage. 1t 1s obvlous that the calculated
Jet lmpingement force does not account for all the forces acting on the wmodel., For
Ro = 8§ and 6 in.,, the jet impingement calculation predicts the shape of the curve
fairly wall, A constant force 18 created when the jet {mpingus on the fumelage.

A sharp Iincrease in normal forve occurs as the et starts to impinge on the wilng
tralling edge, vlaing to a peak value when LR Tdes {n the reglon of magimum planform
span, Then a subsequent slower docay as the Jet Impinges on a reglon of reduced
wing sapan containing the awept wing leading edge. The level of the forces, und in
soma casas thelr sign 18 not accurately predlceted by tha implhpewent valculuation,

It appaavs that in addition to the impilngement forcre, a substantial Fountaln suck-
down force is also uacting on the wodol. This ls evident in Figure 77, which I8 na
crosaplot of the data {in Flgure 76 for three fet impinpement stations %, One would

expect that as Ro increasas, the impingement forea on the model would decreasa, since

a amaller yector of the annular jct dmplnges on tha model, The data however, show
the opposite trend, 1In fact, for K, " -7 the force on the model 18 negatlve for
all values of Ro' Since the total fountaln force must evencually approach zero,
all the curves in Figure 77 must eventuslly approach zoro, but this behavior was
not yet evidant within the Ro ranga testad,

When the fountain suckdown force coefflclent (s Included, tha prodiction ls
substantlally improved. As Indicated In Flgure 67, for a vectangular plate, the
fountaln suckdown force {8 negatlve, and approuches zerc as Ru increamus.  Fluure
78 compures the caleulated total noemal force coefilelent, for the trapuzoldal=wing
model, c¢o the data, The variation with Ro le indicataed, for two values of the jut
Impingement station Xy The caleulatad normal force coefficlent includes o wuckdown
term obtalned by the mathod outlined In Seztion 6,1.2.2. Althouph the agrvement
between data and theory is far from perfect, the theory predicts the data troands

reasonably well.  The agreement could perhaps be lmproved by reflulag the suckdown
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calculation (e.g.) including radial jet thickness effects, but there is a more funda-
mental factor which obscures comparisons to data from this test program, As indicated
in Figure 75, there was no simulation of the ground plane during the test. The cal-
culation assumea that there 1s a ground plane which constrains the area through which
the entrained mass flow must be supplied, For the computed results shown in Flpure
78, 1t was assumed that the ground board was located flush with the top of the
fountain generator plenums (the pyramid was removed for this slngle-jet configuration),
but this ic only a crude approximation of the actual geometry. Unfortunately, this
prohlem must remain unsolved at present. A test program is currently planned, which
will include the ground board and allov the radial jets to exhaust through appropriate
slots in this ground board. This will provide a more realistic simulation of the
actual conditions, and will permit a more direct comparison of theoretical and exper-
imental results,

6.3.3 Comparison of Four-Jet Fountain Results - The calculaticn of four-~jet

fountain impingem:nt and suckdown forces has been detailed in Sections 6.2.,1 and 6.2.2.
Results were obtained specifically for the configuration tested, Figure 79 compares
the predicted force coefficient to the data. As indicated by the skaetch in the

figure, the four radial jet planes of symmetry go through the model x and y axes.

The agreement between thaeory and data is reasonably good in this case, which may be

due to the fact that the fountain generator pyrumid constrained the flow underneath

the model. When performing the suckdown caleculations outlined in Section 6.2.2,

it was again assumed that the ground plane was [lush with the tops of the fountain

generator plenums.

126




l‘;
3
E‘j‘

T

e

T TR e

>

Normal Force Coefficient, Cyy

]

~-0.04

--0.08
2

0.12

0.08

0.04

3 4 B 8 7 8 8
Distance from Nozzla @, R - in.

FIGURE 78

VARIATION IN THEORETICAL AND EXPERIMENTAL NORMAL FORCE
COEFFICIENT WITH HEIGHT ABOVE NOZ2LE CENTERLINE

127

10

anryoNe-4




STV

(o

=

Ve

0.09

0.08
> 007
F\E
|¢
1}
&
¥ 0.08
§
;
)
& 0.05
[V
:
B oo
0.03

\ Implingement Force -
Suckdown Force y
i
é 8
4 E
y
Il
%7 A
Pnbnv
A0
Q 228 -
6.2
28.0
Pyramid Apox Directly
Below Model Refeance
Folnt
B 7 8 ] 10

Distance from Nozzle G, Ry« In,

FIGURE 79

Qr77.0374-80

COMPARISON BETWEEN THEORY AND EXPERIMENT - FOUR RADIAL JETS




7. EPPECTS OF PROTUBERANCES ON INDUCED FORCES

Protuberances on the underside of an airframe may be used to enhance the
positive fountain force, provided they are judiclously placed, These protuberances

may be underwinyg stores and pylons, landing gear doors, speed brakes, deflected

= s Do e ASREARE

f flaps, or slmply plates located expressly for increasing the overall lift on the
? . airframe, Methods to estimate the effects of underwing stores and deflected flaps
on the fountain force have been derived as part of this study. They are exten=-
! sione of techniques to calculate the fountain impingement force which have been
% described in Saction 6,

It was shown in Section 6 that the total fountain force is made up of a
positive impingement force and a negative suckdown force. It is assumed that the

P presence of underwing protuberances doss not affect the suckdown force, but does A
i . produce an increment in the impingement force, For underwing stores and for a j
trailing edge flap, the calculation of .ese increments is outlined in the follow=-
ing subsectiona, Cowparisons to experimental results from the fountain impingement
tert described in Section 6.3 ara also shown., The methods apply only to two-jat
configurations but they could be combined to include multiple-jat configurations,

7,1 Fountain Force Increment Due to Stores b
In Section 6.1.1, a upecific typu of flow turning procass has besn postulated '
to occur when a radial jet strikes the underside of the airframe. In this
turning proceas, depicted in Figure 62, the veloecity component normal to the air- !
craft platform is rotated by 90°, and the tangentlal component is unchanged, The ’
flow produced on the undaraide of the airframe when the radial jet's plane of |
syometry is perpendicular to the alrcraft plane of symmetry then has a velocity i
compenent in the spanwise direction. This apanwise flow is inhibited by the pre=~ '

e et e e

sonce of wing pylone, and an increase in fountaln force results.

Figure 80 shows a drawing of the ailrcrafi model used for the fountaln impinge-
ment test program, with chordwise plates mounted on the wing underaurface to
simulate underwing pylons and storms. When the model undersurface im clean, the
fountain impingement force has been calculatad by equating the normal component !
of the jet dynamic pressure to the pressure difference acting on the aircraft
planform. This pressure wes taken to act over the radial jet's "footprint" en
the planform, Since the chordwise plates restrict the jet's spanwise flow, it is
assumed that for the jet sector subtunded by the distance between the plates, the

TR TR

gy e e ST

totul jet dynamic pressure le recoverud as a positive pressure on the planform
underaurface, In Figure B0, this occurs over the part of the fountaln footprint
indicated by the double crosshatching., Note that as R, increases, the angle
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CALCULATION OF NORMAL FORCE INCREMENT DUE TO UNDERWING STORES

aubtended by the distance between the stores decreases, so that the normal force

increment will decreaae,
Under the above assumptions, the normal force increment acting on & planform

strip dy will bet

K]
- L. 2 - 2
d(AFz) f 7 VR (1 = cos®@) dx dy
X
t
ory x*]()')
d(AF ) = Ef v.? ain’s dx dy
H 2 R .
xt(y)

Tha x-integration can be carried out ae detailed in Section 6,1.1.2. Using,

.ineu#-!- L] TH- (.1.27)
y© + R 147y
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an expression equivalent to Equation (97a) can be derived for the total impinge-
ment force increment due to one of the chordwise plates: The result ila:

*
= .37 /% 5P 1 3ow| L
AFz " ;Tr <\3/2 tanh £k - 3 tanh”ow 2 (1282)
8L : 0 (J +y ) gTw
hare X - X
where, 5* - (1.763) {-A_x_.-.g. (128b)
. 5

and the other variables are defined in Saction 6.1.1,2, For the configuration
! tested during the fountain impingement test program, L 3 in.,, and the entire
fountain footprint was captured in the chordwise direction., Then, taking the

i limit in Equation (128a) as

TR TS S T S AT e TP TR
- - . .

o

it becomes . lu/yat - v (129)
AF o e -—L—-;-"- d
z!t 4n o ( 1+y2)3¢. )
letting bat = gpan between stores
y  wost
st 20 ]

Defining the total normal force incrament

and carrying out the integration in Equation (129)

{130)
st

{ ACy "2}1"{1“[(';%:)" 1 +(‘;§"-) ]-J_.LE_T
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For the case tested
’ bst w 10 {n.

and Equation (130) is plotted in Figure 81 along with data from the fountain
impingement test. In Figure 81, the calculated incremental normal force coeffi-
cient is added to the clean conflguration data, to obtain the solid line. This
18 to be compared with the data poilnts obtained with the simulated stores. For
the case shown, the chordwise plates extended from the wing leading edge to 72%
of the local wing chord, The agreement hetween data and axperiment is quite

satisfactory except for the lowest value of Ro'
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THEORETICAL AND EXPERIMENTAL NORMAL FORCE COEFFICIENT
WITH SIMULATED STORES

7.2 Fountain Force Impingement Due to Trailing Edge Flap Deflection

Figure 82 illurtrates the reasoning used to predict the increment in fountain
impingement force produced by deflecting a trailing edge flap., Once again, the
geometry corresponds to that tested Iin the fountain impingement axperimencal
program, The effect of the flap is to redirect the flow along the wing bottom
surface downward, and in so doing, to create an upward reaction force ou the air-
frame. For the case considered, the flap extands along the entire exposed wing
span, the flap hinge line is at 72% of local nhord, and the flap defluction angle
is 40°. As before, the radiul jat is assumed to split and "fold" upon impingement
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CALCULATION OF NORMAL FORCE INCREMENT DUE TO FLAP

ol the wing undersurface, The normal force is then related to the momentum

flux normal to the wing trailing edge. ‘g
A "momentum flux diagram', analogous to the "mawse flow diagrams' used to

calculate fountain suckdown forces in Sectlon & is shown in Figure 82, Refarring

o S

oAl

P PR

to BEquation (72), the momentum flux normal to the wing trailing edge is given

by

R e T o

.

']
=
-2
By P

(ain Gf = gin BO] . (135)

A factor of (1/2) has been introduced to account for the fact that only one half
. of the radial jet momentum is deflected towards the trailing adge, In addition,
; another factor of 1/2 should be included to account for the fact that, as

R S T
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b/2 =10 o]

1.26

S FIGURE 83 ON77.0374.04
' MOMENTUM FLUX DIAGRAM FOR COMPUTING FOUNTAIN FORCE
INCREMENT DUE TO TRAILING EDGE FLAP DEFLECTION

discussed in Section 6.1.1.2, the dynamic pressurs impact relation implies that

one half of the radial jet's momentum im lost when it impinges on the wing under-

,.—.WV

tn dccount for the other half of the symmetric momentum flux diagram. Conse-

o

quently, Equation (135) will be taken to represent the momantum flux naseded to

calculate the total fountain forca increment. Introducing the momentum component

normal to the planform, the normal force increment is given by

ST e

M

o i e s B Bl

|
i
1
l
]
|
|
(
|
]
surface. On the other hand, Equation (135) would have to be multiplied by 2 !
|
!
|
\
1
!
l
]
b

!!.
. - =R - -
L AFz T #in éf [gin Gf Bin an
-
} So, in terms of a normal force cosfficient (@
i
ain & 4
{ ACy = ~z--£-[uin 8, - uin 8 ] ' (1386) '
- ¢ n £ o

Note that in Figure 83 the flap only extends acrosa the exposed wing apan. The
] f
| angles 9, and i, arel
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gin 6, = T———M—-—rar.-- (137a)
et e 2.1)%

\

and !

gin 0 = 2§1'25) ” (137b)
° \/(b/:z) ¥ (R + 2.7)

There 48 an extra force increment due to the momentum flux across the
flap tip, but this te.m haw been neglected,

Equations (13%) and (1.37) were used to calculate an incrementa. normal
force coefficient dus to flap deflection. This increment wa: added to the
clean configuration normal force coefficient, and the result is indicated by the
solid line in Figure 84, The figure also includes the experlmental rasults
obtained with the defected flap., Agreement between theory and data is asatiofac~
tory, although the theory appears to vverpredict the force at the higher values

of Rn‘
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8, SUMMARY OF RESULTS AND RECOMMENDATIONS FOR FURTHER S$TUDY '

A mathodology for the prediction of propulsive li{ft system jet induced
Aarodynamic effects for multi-jet VIOL alrcraft hovering in and out of ground
effect has been developed, To implement the analysis, the viacous (turbuleat)
flowfield below the aircraft {n ground effect haw been divided into five major
elementst

1. Free«jet development,

s 2+ Jet impingement,

3, Wallejet development,

4, Stagnation and fountain base line formation,

5, TFountain devalopment and impact on alrcraft wunder-surface,

The forces (suckdown) and moments on the fuselagu/wing induced by the
entrainment of the turbulent free-jets and well-jets both in and out of ground
affact (where appropriate) are computed by a Douglas Neumann potential flow
procedurc which has been modified specifically for VIOL hover computations,

The entrainment of the jets is modeled by prescribing, from empirical data,

a sink distribution on the jet surfacas which simulates the inflow due to
turbulent jet entrainment, This requirea the paunelling of pertinent free~jot
and wall=jet surfacea, Forces and moments from the induced potential flows are
determined on airframe surface panels from local surface pressures computed by
application of the Barnoulli equation,

The contribution to the ovarall forces and moments on the alrframe due
to fountain impingement is computed saparately and added to the induced potential
flow computation results, Since the fountain impinges on the airframe directly,
the prodiction methods developed are more empirical in nature, To calculate
the fuuntain forces, an analogy betwesen fountains and radial jets with virtual ,
orlgine located below the ground plane syrface was cstablished, The dynamic
pressute distribution in these jets wae used to calculate the fountain lmpingement ?
force on the alrframe, and the entraimment diatrihution on theme jets was uaad
to calculate a fountain suckdown force,

Limited comparisons of the results of the complate prediction methodology
with experimental data in ground effect for o 15% scale model of o Tour it
Jet VPOL ntiack alreraft were made,  These comparidons showed acceptable ngree-
ment between measured and computed suckdown forces and overproedletion of the
magnitude of tha fountain {mpingement force, The overprediction of the loun-
galn {mplngement force !s thought to be due to the bnabllity of the methodoloyy
to proedlet fountailn guppression due co partlal merplog of the TEFE Jotw prior

to ground tmplingement or overlap of impingement reglond on the ground plane,

1%
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8.1 Yree Jet Davelopment ‘_’

The data obtalned on non=circular jets show a considerable amount of u"%
scatter and are vather ldmited In scope. Specifically, more information ;
on the entraloment rate dlateibution for rectangular jots with non-uniform E- i

exit veloelty profiles 1w required, and Information on the entralinment

characterfativa of compressibloe rectonpular jets s needed,

8.2 Jet Tmplopement and Wall-Jets ":
The methodology developed hereln assumes that wall=jet properties are ;*

eatablished by the ilmplngement of individual jets on the ground plana.

S e s

|,
flow propertles at the oxit of the impingement region (as investigated {n *
. h
Pefurence 2 for clrcular jets) are needed for jets from non-circular noz- ’:x

zlus, espuclally high aspect ratio (AR > 4) rectangular nozzles. Addi-

o Y

tionully, in cases where two or more jets merge or partially merge before

.5!.'

‘ impingement, ut where two jets impinge with overlapping lmpingement region
radit, RI'
prassed, The magnitude of this suppression and its dependance on jet

the formation of a fountain beéetween the two jets may be wup=

5.9

»

apacing and nozzle exlt wiape must be investipuoted.

2

8.3 Peuntualn Development
The fountaln upwash lowfleld wmodels developed in this study have been

restricted to fountalns gencrated by a comblnation of cvircular or nearly

i

circular jets, all of which implnge at 90° to the ground plane, are located
at the same helght above the ground plune, and huve equal thrust, Thoere
are no data on the fountalns genorated when the Jet Interaction flowficid
i asymmetric even for the simplest cuse of two perpondicular Jetw of Jdif=-
ferent thrust., The fountain flowfleld development for non~circular nozzles

L O W

1 another area that requlres Further lavestlgatlon,  In the caleculatlon of

fountain induced [orces and moments, there ure arend which require further

Ea

dovelopment, even wlthin the restriction of the present fountain flowf{icld

-
P

modelu, The fountaln suckdown force Ls currontly caleulated by a rather

—

crude method, and this shortcoming could be improved by including the fountain

entralnment distribution In the overall auckdown caleulatlon performed with

R

the Douglas Neumunn potentlal flow propram, il
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APPENDTX T
ATRFRAME AND JET' COORDIMATES

Problem: To define alrframe geometry, Jet positlons, jet vectoring

g anglos, and jet impinpement points for an arbitrary VTOL confipuration i

hoverding In ground effect. ;
& Approach: Derive tranaformation from airplane fixed to ground fixed ;
g coordinates. Llocate jet exit positions in ground fixed coordinates and jet "
§ inclination angles relative to ground plane. For each nozzle, locate effec-
% . tive jet impingement point on ground. This point is defined as the Inter-
5 section with the ground plane of a straight line inclined at the jet inclina- ?
é tion angle and golng through the nozzle center vf thrust. f
i l Purpoge: To provide basic grometric input to (static) aero-propulsive j
; ‘ interactiou problem. Tnput geometrlc parameturs are assumed to be! )
n o Alrplane cege location (Fuselage atation, waterline, butt line), ;
% o Location of center of thrusat for each nozzle. f
f ' o Thrust vectoring and aplay angles for each nozzle. ;
; ' o AMlrframe angle of pitch, roll and yaw. (The latter is only importanc f
' _ for cross wind cases,) T
é ‘. o Helght of alrplave c.g. nhove ground plana, }
L Transformation Fquations 3
L Transform unit base vectors ;
i d, 3,0 35
f along airplane-fixed axes (x, v, 2) in Flgure 1-1, to vectors L
(kM ]'
3 along llnes (A, B, C) respectively. E;
The reference angles are the gtandard Euler ang]uss' ;
# 1 plteh ;
; ! i yaw {
! d 1 roll \
r ﬁ
'e ;
3 !
. |
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FIGURE I1 ar77.0374 48
EULER ANGLES

Defining firdt the intermediate vectors E} and Eé along lines OR and 08,

reapectively:

Y -~ '
0 = 1" com | + j" aln

‘Ba v i adn g+ I" nos |

Using these vectors, the relat{fon between the unprimed and doublo=primed

hase vectors may be ahown to be:

lgin ¢ cow 01} = k" [8in 6}

L =1 [cos ¥ cow 0] + ["

T w I [cos ¢ gin O

+ 3" [sin ¥ ain

K ow i [cos P sin 9

+ f” [8in ¢} sin
Now introduce a thivd, ground
b om 1M
-
1] - j!l (I_?)

(- .:k"

Ky Lmi v

sin ¢ = sin y cos &)

0 ain ¢ + co8 y coB ] 4 K" [8in ¢ cos B8]

coe & + sin ) osin ) +

N cod ¢ = coa | aln §] + k" [cos N coy )
fixed, coordinate system such that

x' w R
Y' - yn (1=1)

2V om (2" - )
¢
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where heB is the height of the center of gravity above the ground plane, posie
tive upward,
In the airplane coourdinates, the nth jet nozzle locatlon will be defined
hy a vector
o>
rjn

Equations (1-1), (1=2) and (I1-3) may be used to obtaln the nozzle coordinates

1 A

" I xj\ + J yjn + k z,

¥

in the ground fixed systen

) Tr o w A [ e o
r In - I ¥ in 4 j y In 4+ k' 2z

Jn
where

x'jn - xjn[cos ¥ cos 0] + yjn[uoa Y 8in 0 adn ¢ - ain ¢ com ¢] (I-4a)
+ zjn[cou ¢ 8in 8 cos ¢ + ain ¥ sin ¢]

y'jn --xjn[sin V) cos 0] = yjn[uin ¢ rin 0 sin ¢ + cos Y com b] (1-.4b)

- zjn(uin Y #in @ cos & = cos vy 8in ¢]

1

# whoot xjn[sin o} - yjnlain ¢ cos 0] = zjn(cos 0 cos ¢] (l~4e)

n - Teg
The thrust vector direction for the nth nozzle is defined by two angles,

Thrust defleccion angle Gn
Nozzle splay angle =
Referring to Figure (=2, a unlt thrudt vactor dn the alrplane coordinate system

is then given by

?n w1 (con ¢, COB 6n) + 3 (sin wn) -k (cos £y min Gn) (1-5)

In the pYound coordinate systum, the unit thrust vector for the nth
nozzle {8 denoted by
LR " ]o £, ke ,
n X y 2z
n r n
and using Fquations (f<1), (I-2) and (1=3), Rquation (1~5) ylalds

t'x, w.(cos L, cos ﬁn)[uon ¥ cos 0] ~ gin ﬁn[COH osln 0 sin ¢ = sin ¢ cos ¢)
n

+ (con Co gin 6n)[cou f 8in 0 com ¢+ sin ¢ sin ¢] (T-6a)
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FIGURE L2
NOZZLE THRUST DEFLECTION ANGLE AND SPLAY ANGLE

t'y. we (COR €, CO¥ ﬁll)[ain Y cos 0] - sin cn[sin { 8in @ ®in ¢ + cos ¥ cos §]

n

+ (com €, #in Gn)[sin Y 8in € cod 4 = cos ¢ aln 4] (1-6H)

\ . - o
t " (con £, cos 6n)(ain 4] sin N ["_uin ¢ cos 0]

n

+ (com € ain \Sn)[cos 6 cos 4] (1-6¢)

The effective jat impingement point i{s defined by the intersactlon of a
straight line emanating from the nozzle center and parallel to the t‘[‘ vector,
and the ground plane z' » 0, From the equation for the line

' ' ' \

X =X - 2 =B

Jn_y Y dn - JAn

9.‘ 1 ¥
" ! tyo o

n u n

1t can be shown that the effective impingement point coordinates sre Riven by:

y! .y' - t'y| t"}' 2t (170
o, jn n o “in

' wx', - t'x' t'z' z! (1-7h)
o Jn n n In

l4g
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The effective impingement angle for the nth jet is defined as

-l(-l:
1t;'
(+s

= co8

3

n

or

(1-8)

n

= Ccos

)
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APPENDIX 11
JET PATH DETFLECTTION DUE 70 CROSS-FLOW

The posttion and direction of the thrust vector for the nth nozzle of an
alreraft at an arbltrary attitude may be speclifled by the transformation
cquations in Appendlx L. The reference coordinate system ls fixed to the
ground and defined by the (x', y', 2') axes shown in Figure 11-1, The position
of the thrust vector for the nth jet is denoted hy !

éjn - I x'jn + ]' y'J“ + K z'jn (11-1)

and 1ts direction by the unit vector t
MO S (- T -
£ Itx.n+]ty.n+k 'y (11-2)
In the above equations (1', J', k') are unit vectors in the &', y', 2') direc~

tions, respectively. 1In a crossflow, the jet path for the nth jet is defined
by tlie empirical equation presented in Reference 12t

L tan 0 (11=3)

where £ and ¢ are distances which have been normalised by the jet dlameter,

TR T e

and Qon i the complement of the angle between the jet veloclty vector and the
frewe stream veloclty vector, Thia equation has been used with good results In i
studles of power-induced effecta in transition fllght, (Refaerence 13),

§ ?. Equation (II-3) 18 considered to apply in the plane defined by the tree stream

E and jet velocity vectors. By definition of the ground-fixed coordinale sydtem,

14

Vo = = 1|V | (11~4)

“ and since the Jet velocity vector direction is opposlte to that of the thrusv
vector

‘.‘4 an - - tl'\ IVJnl (11=3)
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The cross ptoduct of these two vectors defines the normal to the planc which

contains them, and the dot product defines the angle between the free streum

and jet velocltles. Thus

- (\jjn x V) = '"’anv;)nllvm| cod U (11-6A)
Vg V= len||v“| sln Ug (L1-61)
where the unit vector ;2 and the angle 00“ dre shown in Plgure 11-1.
n
§ v
vl
F'GURE n.1 GRYY 0374 4N
JET PATH PLANE DEFINITION
Uuing Equations (I1-4) and (1I=5) in lquations (I7-6), it 1w powmible to
show that
-1
0°n « §in [t'x. ] (11=7A)
n

and

ey, * I1 - c'i,n)'l’ l:]" By + K r'y.“:l (11=71)

150

5 .m. -:‘ﬁ: &

[
- D b LE eI

et e A R AR,

PRFRESL SRR S Y

-




ik et

From Bquation (1I-7b) it 1s then possible to calculate the angle
-1 2 K
bo, = co8 [t'z'n/(l - t'x.n) ] (11-8)
This angle ls also shown In Flgure Il-1.

In the (x', y', 2') coordlnate system, points along the jet path are

given by
'y = o=dy £+ x' 1I-9a
Pn In Jn ‘ ( )
' _— - -
Yipn " ¥'gq = 44,0 80 doy (11-9b)
z'pn - "Jn - djnc cos dg (11=9¢)

where £ and ¢ are related by Equation (I1-3) and djn is the exit diametar for
the nth jet, Intersection with the ground plane is dJefined by the condition
' -
L 0
Using this in (II=9¢) and substituting in (1I-9b)

' w oyl -y -
Y'og "Y'y, = * iy tAN by (11-10)
und using (1I-3) and (II-9a) 2.6
- 3
V| ’ z'y z'y
' - ! - i N 1l -
Xop ™ *), din lvj | ijn con gy + tan 0o, dy, oM bo, (11-11)
n

Equations (L1=10) and (II-1l Tdefine the point at which the jet path intercepts
the ground, To define the angle of intersection, Equation (11~3) is differen-
tlated to calculate

| v | 2.6 2! 1 2
’ - ---t:-« R A ¢ W . @ -
tan Dn 3 IGJ | djn pigs ¢“n + tan )o“ (11-12)
n |

where Bquation (11-9¢) for z'pn = 0 has been umwed, and where 0, i the angle
hetwean the jet path and a perpendicular in the (&, @) plane, as ahown in
Figure 11-1, With 8, calculated from Equation (LI-12), 1t 1k then possible to
dufine a unit vector tangent tov the jet path, and the components of this vaector
in the (x', y', 2z') system. The result s

t'on « I (nin 0y + I (con 0y Bin bo,) * k' (cos 0y cod do,) (L1=-13
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As in Appendix I the effective ‘impingmﬂent angle for the Jet 1s

Uy = cos-l [1:' ] .AE'O“]
‘ or
i o) S
Gy @ cod | cor dy eos d’”nl (11-14)
. In addition, the angle of the nlane in which the abovae angle lles 18 given by
: -1 . '
/ Y, = tan (t oy /t O"'n]
o
Lo or -1 | 8in dg,
: a, ™ tan F‘“‘r;n“ (11-15)




